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Preface
This report presents the results of the workshop devoted to study B Physics at the Tevatron:
Run II and Beyond. Like other workshops on the physics potential of Run II of the Tevatron,
held at Fermilab from 1998–2000, this workshop brought together theorists from around the
world and experimenters from the CDF, DØ, and BTeV collaborations, and elsewhere.
There were two general meetings held at Fermilab: during September 23–25, 1999,
and February 24–26, 2000. The working groups also held additional interim meetings to
report on their progress and plan further work. The resulting physics studies can be found
in Chapters 6–9. The other chapters in this report provide theoretical background on B
decays (Chapter 1), common experimental issues (Chapter 2), and brief descriptions of the
CDF, DØ, and BTeV detectors (Chapters 3–5).
Flavor physics and CP violation will be a major focus of experimental high-energy
physics in the coming decade. The preceding decade verified at a high precision the gauge
sector of the Standard Model through a wide range of experimental tests. While many
extensions of the Standard Model contain new sources of flavor and CP violation, these
sectors of the theory are poorly tested at present. Precise tests of the flavor sector of
the Standard Model and the origin of CP violation will come from sometimes competitive
and sometimes complementary measurements at the Tevatron and at the e+e− B factories.
Chapter 10 summarizes the results of the workshops for the most interesting processes.
This report represents the status of the field around the Summer of 2001. Both the state
of the theory and the experimental possibilities continue to advance. The results presented
here are thus not a final view of what the experiments can achieve. This report concentrates
on aspects of B physics accessible mainly to hadron colliders, and it is hoped that it will
prove a ready and complete reference and aid new collaboration members and maybe others
interested in the field as well.
These workshops could not have been organized without the help of many people. The
organizers would like to especially thank the support of Mike Witherell and the Fermilab
Directorate; the help of Cynthia Sazama and Patti Poole of the Fermilab Conference Office
with the general meetings’ organization; and Lois Deringer and Laura Sedlacek in the
Fermilab Theory Group for taking care of so many things.
iii
Workshop Structure
The workshop formed four semi-autonomous working groups. Each was led by two theory
conveners and a convener from each experiment.
• CP Violation
Yossi Nir, Helen Quinn, Manfred Paulini (CDF), Rick Jesik (DØ), Tomasz Skwarnicki
(BTeV)
• Rare and Semileptonic Decays
Aida El-Khadra, Mike Luke, Jonathan Lewis (CDF), Andrzej Zieminski (DØ), Ron
Poling (BTeV)
• Mixing and Lifetimes
Ulrich Nierste, Mikhail Voloshin, Christoph Paus (CDF), Neal Cason (DØ), Harry
Cheung (BTeV)
• Production, Fragmentation, Spectroscopy
Eric Braaten, Keith Ellis, Eric Laenen, William Trischuk (CDF), Rick Van Kooten
(DØ), Scott Menary (BTeV)
Chapters 6 – 9 of this report present the work done in these groups.
The programs of the general meetings, including transparencies of all talks, working
group information, and other documentation for this workshop can be found on the World-
WideWeb at http://www-theory.lbl.gov/Brun2/.
The workshop was organized by Rick Jesik, Andreas Kronfeld, Rob Kutschke, Zoltan
Ligeti, Manfred Paulini, and Barry Wicklund.
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Chapter 1
Common Theoretical Issues
U. Nierste, Z. Ligeti, A. S. Kronfeld
1.1 Introduction
This chapter provides some of the theoretical background needed to interpret measurements
studied by Working Groups 1–3 (and reported in Chapters 6–8, respectively). These three
working groups deal with the decay of b-flavored hadrons, and they are independent of
the production mechanism. The theory of b decays requires some elementary concepts on
symmetries and mixing, some knowledge of the standard electroweak theory, and some
information on how the b quark is bound into hadrons. On the other hand, the theory
of production, fragmentation, and spectroscopy—the subjects of Working Group 4 (and
Chapter 9)—is separate, dealing entirely with aspects of the strong interactions. Hence, the
theoretical background needed for Working Group 4 is entirely in Chapter 9, and theoretical
issues common to the working groups studying decays are collected together in this chapter.1
Although the experimental study of CP violation in the B system is just beginning [1–3],
there are several theoretical reviews [4–8] that the reader may want to consult for details
not covered here.
We start in Sec. 1.2 by reviewing how flavor mixing and CP violation arise in the
Standard Model. Experiments of the past decade have verified the SU(3) × SU(2) × U(1)
gauge structure of elementary particle interactions, in a comprehensive and very precise way.
By comparison, tests of the flavor interactions are not yet nearly as broad or detailed. The
Standard Model, in which quark masses and mixing arise from Yukawa interactions with
the Higgs field, still serves as the current foundation for discussing flavor physics. Sec. 1.2
discusses the standard flavor sector, leading to the Cabibbo-Kobayashi-Maskawa (CKM)
matrix, which contains a CP violating parameter for three generations. By construction,
the CKM matrix is unitary, which implies several relations among its entries and, hence,
between CP conserving and CP violating observables. Furthermore, the same construction
shows how, in the Standard Model, neutral currents conserve flavor at the tree level, which
is known as the Glashow-Iliopoulos-Maiani (GIM) effect.
We emphasize that in extensions of the Standard Model the CKM mechanisms can
exist side-by-side with other sources of CP and flavor violation. Many measurements are
1There is, unavoidably, some overlap with theoretical material in Chapters 6–8. We have attempted to
use consistent conventions and notation throughout.
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therefore needed to test whether the standard patterns prevail. Quark interactions are
obscured by confinement, however. Therefore, Sec. 1.2 concludes with a brief summary of
the ways of avoiding or reducing uncertainties from nonperturbative QCD, and the much
of the rest of the chapter revisits various aspects in greater detail.
Sec. 1.3 covers aspects of B mesons that can be discussed without reference to their un-
derlying dynamics. The strong interactions conserve the quantum numbers P , T , and C of
parity, time reversal, and charge conjugation. We therefore start by discussing the transfor-
mation properties of currents and hadrons under these discrete symmetry transformations.
Once these concepts—and associated phase conventions—are fixed, one can discuss the
mixing between neutral mesons. (In the Standard Model, neutral meson mixing is induced
through one-loop effects.) Although a flavored neutral meson and its anti-particle form a
two-state quantum mechanical system, the particles are not stable, so the two mass eigen-
states can have different decay widths in general. Consequently, the physical description of
decay during mixing contains formulae that are not always simple and phase conventions
that are not always transparent. Sec. 1.3 provides such a general set of formulae, derived
with a self-consistent set of conventions.
The general discussion of Sec. 1.3, leads to a useful classification of CP violation. There
can be CP violation in mixing, in decay, and in the interference of decays with and without
mixing. Sec. 1.4 gives the concrete mathematical definition of these three types of CP
violation, illustrated with examples. CP violation in many B decays is principally of one
type or another, although in general two or more of these types may be present, as is the
case with some kaon decays. We also work through two important examples of CP in the
interference of amplitudes: B → J/ψKS and Bs → D±s K∓, where it is possible to use the
CP invariance of QCD to show that the CP asymmetry of these decays is independent of
the hadronic transition amplitude.
To gain a comprehensive view of flavor physics, and decide whether the standard model
correctly describes flavor-changing interactions, one has to consider QCD. Sec. 1.5 discusses
several theoretical tools to separate scales, so that the nonperturbative hadronic physics can
be treated separately from physics at higher scales, where perturbation theory is accurate.
Indeed, in B decays several length scales are involved: the scale of QCD, ΛQCD, the mass of
the b quark, mb, the higher masses of theW and Z bosons and the top quark, and, possibly,
higher scales of new physics. The first step is to separate out weak (and higher) scales
with an operator product expansion, leading to an effective weak Hamiltonian for flavor-
changing processes. This formalism applies for all flavor physics. For b quarks, one finds
further simplifications, because mb ≫ ΛQCD. Two tools are used to separate these scales,
heavy quark effective theory for hadronic matrix elements, and the heavy quark expansion
for inclusive decay rates. Sec. 1.5 also includes a brief overview of lattice QCD, which is
a promising numerical method to compute hadronic matrix elements of the electroweak
Hamiltonian, when there is at most one hadron in the final state. In particular, we discuss
how heavy quark effective theory can be used to control uncertainties in the numerical
calculation.
A further predictive aspect of the CKM mechanism, with only one parameter to describe
CP violation, is that observables in the B and Bs systems are connected to those in the kaon
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system. Sec. 1.6 gives an overview of K0−K0 mixing using the same formalism as in our
treatment of B0−B0 mixing in Sec. 1.3. This also gives us the opportunity to introduce the
most important constraints from kaon physics: not only those currently available but also
those that could be measured in the coming decade. Finally, Sec. 1.7 gives a summary of
expectations for measurements of the unitarity triangle, based on global fits of kaon mixing
and CP conserving observables in B physics.
1.2 CP Violation in the Standard Model
As mentioned in the introduction, in the Standard Model quark masses, flavor violation, and
CP violation all arise from Yukawa interactions among the quark fields and the Higgs field.
In this section we review how these phenomena appear, leading to the Cabibbo-Kobayashi-
Maskawa (CKM) matrix. From a theoretical point of view, the CKM mechanism could, and
probably does, exist along with other sources of CP violation. We therefore also discuss
some of the important features of the CKM model, to provide a framework for testing it.
1.2.1 Yukawa interactions and the CKM matrix
Let us begin by recalling some of the most elementary aspects of particle physics. Experi-
ments have demonstrated that there are several species, or flavors, of quarks and leptons.
They are the down-type quarks (d, s, b), up-type quarks (u, c, t), charged leptons (e, µ, τ),
and neutrinos (νe, νµ, ντ ). They interact through the exchange of gauge bosons: the weak
bosons W± and Z0, the photon, and the gluons. These interactions are dictated by local
gauge invariance, with gauge group SU(3) × SU(2) × U(1)Y . With this gauge symmetry,
and the observed quantum numbers of the fermions, at least one scalar field is needed to
accommodate quark masses, and, in turns out, the couplings to this field can generate flavor
and CP violation.
One of the most striking features of the charged-current weak interactions is that they do
not couple solely to a vector current (as in QED and QCD) but to the linear combination of
vector and axial vector currents V −A. As a consequence, the electroweak theory is a chiral
gauge theory, which means that left- and right-handed fermions transform differently under
the electroweak gauge group SU(2) × U(1)Y . The right-handed fermions do not couple to
W±, and they are singlets under SU(2):
ER = (eR, µR, τR) , YE = −1 ;
UR = (uR, cR, tR) , YU =
2
3
; (1.1)
DR = (dR, sR, bR) , YD = −1
3
;
where the hypercharge Y is given. For convenience below, the three generations are grouped
together. The gauge and kinetic interactions for G generations of these fields are
LR =
G∑
i=1
E¯iR(i/∂ − g1YE /B)EiR + D¯iR(i/D − g1YD /B)DiR + U¯ iR(i /D − g1YU /B)U iR , (1.2)
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where B is the gauge boson of U(1)Y , with coupling g1, and D
µ is the covariant derivative
of QCD: quarks are triplets under color SU(3). On the other hand, the left-handed fermions
do couple to W±, so they are doublets under SU(2):
LL =
((
νe
e
)
L
,
(
νµ
µ
)
L
,
(
ντ
τ
)
L
)
, YL = −1
2
;
QL =
((
u
d
)
L
,
(
c
s
)
L
,
(
t
b
)
L
)
, YQ =
1
6
. (1.3)
The SU(2) quantum number is called weak isospin, and the third component I3 distinguishes
upper and lower entries. The gauge and kinetic interactions for G generations of these fields
are
LL =
G∑
i=1
L¯iL(i/∂ − g1YL/B − g2 /W )LiL + Q¯iL(i/D − g1YQ/B − g2 /W )QiL , (1.4)
where W = W aσa/2 are the gauge bosons of SU(2), with gauge coupling g2. Note that
as far as gauge interactions are concerned, the generations are simply copies of each other,
and LR + LL possesses a large global flavor symmetry. For G generations, the symmetry
group is U(G)5, that is, a U(G) symmetry for each of ER, UR, DR, LL, and QL.
The assignments of SU(2) and U(1)Y quantum numbers follow from simple, experimen-
tally determined properties of weak decays. For example, by the mid-1980s measurements
of decays of b-flavored hadrons had shown the weak isospin of bL to be −12 [9]. Conse-
quently, its isopartner tL had to exist, for symmetry reasons, although several years passed
before the top quark was observed at the Tevatron. In contrast, gauge symmetry does not
motivate the inclusion of right-handed neutrinos, which would be neutral under all three
gauge groups. For this reason, they are usually omitted from the “standard” model.
With only gauge fields and fermions, the model is incomplete. In particular, it does not
accommodate the observed non-zero masses of the quarks, charged leptons, and weak gauge
bosons W± and Z0. For example, masses for the charged fermions2 normally would come
from interactions that couple the left- and right-handed components of the field, such as
Lm = −m
(
ψ¯RψL + ψ¯LψR
)
, (1.5)
where, in the case at hand, ψ ∈ {e, µ, τ, d, s, b, u, c, t}. With the fields introduced above,
one would have to combine a component of a doublet with a singlet, which would violate
SU(2). Any pairing of left- and right-handed fields with the listed hypercharges would
violate U(1)Y as well.
To construct gauge invariant interactions coupling left- and right-handed fermions, at
least one additional field is necessary. For simplicity, let us begin with only the first gener-
ation leptons. Consider
LY = −yeiδ l¯Lφ eR − ye−iδ e¯R φ†lL, (1.6)
2Because it is completely neutral, a right-handed neutrino may have a so-called Majorana mass term,
coupling neutrino to neutrino, instead of—or in addition to—a Dirac mass term, coupling neutrino to anti-
neutrino. For this reason neutrino masses are even more perplexing than quark and charged lepton masses.
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where l¯L = (ν¯L, e¯L), and y is real. If the quantum numbers of φ are chosen suitably, then
the interaction LI would be gauge (and Lorentz) invariant. To preserve Lorentz invariance,
φ must have spin 0. To preserve invariance under U(1)Y , the hypercharge of φ must be
Yφ = YL − YE = +12 . To preserve invariance under SU(2) φ, must be a doublet,
φ =
(
φ+
φ0
)
. (1.7)
The superscripts denote the electric charge Q = Y + I3. An interaction similar to LY was
first introduced by Yukawa to describe the decay π+ → µ+νµ, so it is called a Yukawa
interaction, and the coupling y is called a Yukawa coupling.
At first glance, the interaction in Eq. (1.6) appears to violate CP , with a strength
proportional to y sin δ. One may, however, remove δ, by exploiting the invariance of LR+LL
under independent changes in the phases of eR and lL. Thus, the one-generation Yukawa
interaction has only one real parameter, y, and it conserves CP .
Since it is charged under SU(2) × U(1)Y , the field φ has gauge interactions, which
are dictated by symmetry. The scalar field may also have self-interactions, which are not
dictated by symmetry. If one limits one’s attention to renormalizable interactions
V (φ) = −λv2φ†φ+ λ(φ†φ)2, (1.8)
with two new parameters, v and λ. The state with no propagating particles, called the
vacuum, is realized when φ minimizes V (φ). The quartic coupling λ must be positive;
otherwise the potential energy would be unbounded from below, and the vacuum would
be unstable. If v2 < 0, then there is a single minimum of the potential, with vacuum
expectation value 〈φ〉 = 0; this possibility does not interest us here. If v2 > 0, then V (φ)
takes the shape of a sombrero with a three-dimensional family of minima:
〈φ〉 = ei〈ξa〉σa/2v
(
0
v/
√
2
)
, (1.9)
parametrized by 〈ξa〉. Through an x-independent SU(2) transformation, one can set 〈ξa〉 =
0. Although the Lagrangian fully respects local SU(2)×U(1)Y gauge symmetry, the vacuum
solution of the equations of motion given in Eq. (1.9) does not: this is called spontaneous
(as opposed to explicit) symmetry breaking.
Physical particles arise from fluctuations around the solution of the equations of motion,
so one writes
φ(x) = eiξ
a(x)σa/2v
(
0
[v + h(x)]/
√
2
)
. (1.10)
The vacuum expectation values of the fluctuation fields are 〈ξa〉 = 〈h〉 = 0. Masses of the
physical particles are found by inserting Eq. (1.10) into the expressions for the interactions
in the Lagrangian and examining the quadratic terms. By comparing the e¯ReL terms in
LY and Lm, one sees that the electron mass in this model is me = yv/
√
2. Similarly, from
V (φ) the field h is seen to have a (squared) mass m2h = 2λv
2, and from the kinetic energy
of the scalar field non-zero masses for three of the gauge bosons arise: m2W± =
1
4g
2
2v
2 and
m2Z0 =
1
4 (g
2
1 + g
2
2)v
2, where Z0 is the massive linear combination of W 3 and B. (The
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orthogonal combination is the massless photon γ.) The amplitude for muon decay is, to
excellent approximation, proportional to g22/m
2
W . Therefore, one can obtain the vacuum
expectation value from the Fermi decay constant, finding v = 246 GeV.
Repeating this construction with
(
u¯L, d¯L
)
and dR requires a doublet with hypercharge
YQ − YD = +12 . The Standard Model uses the same doublet as for leptons. Repeating it
with
(
u¯L, d¯L
)
and uR requires a doublet with hypercharge YQ − YU = −12 . The Standard
Model uses the charge-conjugate
φ˜ ≡ iσ2φ∗ =
(
φ0
−φ−
)
(1.11)
of the doublet used for leptons. In the one-generation case, three real Yukawa couplings are
introduced, leading to masses for the electron, down quark, and up quark.
With G generations the full set of Yukawa interactions is complicated. It is instructive
to leave G arbitrary for now, and to compare the physics for G = 2, 3, 4, later on. The
generations may interact with each other as in
LY = −
G∑
i,j=1
[
yˆeijL¯
i
LφE
j
R + yˆ
d
ijQ¯
i
LφD
j
R + yˆ
u
ijQ¯
i
Lφ˜ U
j
R + h.c.
]
, (1.12)
because no symmetry would enforce a simpler structure. For G generations, the Yukawa
matrices are complex G×G matrices. At first glance, each matrix yˆa seems to introduce 2G2
parameters: G2 that are real and CP -conserving, and another G2 that are imaginary and
CP violating. But, as in the one-generation case, one must think carefully about physically
equivalent matrices before understanding how many physical parameters there really are.
Let us consider the leptons first. As mentioned above, the non-Yukawa part of the
Lagrangian is invariant under the following transformation of generations
ER 7→ RER , E¯R 7→ E¯RR†,
LL 7→ SLL , L¯L 7→ L¯LS†, (1.13)
where R ∈ U(G)ER and S ∈ U(G)LL . That means that the Yukawa matrix yˆe is equivalent
to ye = SyˆeR†. By suitable choice, ye can be made diagonal, real, and non-negative. The
leptons’ Yukawa interactions now read
LY l = −
G∑
i=1
[
yei L¯
i
LφE
i
R + h.c.
]
. (1.14)
Note that if S and R achieve this structure, so do S′ = DS and R′ = DR, where
D = diag (eiϕ1 , . . . , eiϕG). Thus, part of the transformation from yˆe to ye is redundant
and must not be counted twice. (The freedom to choose these phases leads to global con-
servation of lepton flavor.) Hence, the transformation removes 2G2−G parameters, leaving
G independent entries in ye. Since all are real, there is no CP violation.
For the quarks the reasoning is the same but the algebra is trickier. There are now three
distinct U(G) symmetries, and the non-Yukawa Lagrangian is invariant under
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DR 7→ RdDR , D¯R 7→ D¯RR†d ,
UR 7→ RuUR , U¯R 7→ U¯RR†u , (1.15)
QL 7→ SuQL , Q¯L 7→ Q¯LS†u .
One may again exploit Su and Ru to transform yˆ
u into the diagonal, real, non-negative
form yu. Then the transform of yˆd is, in general, neither real nor diagonal. Instead
Suyˆ
dR†d = V y
d , (1.16)
where yd = Sdyˆ
dR†d is diagonal, real, and non-negative, and
V = SuS
†
d (1.17)
is the Cabibbo-Kobayashi-Maskawa (CKM) matrix [10,11]. By construction, V is a G×G
unitary matrix. The quarks’ Yukawa interactions now read
LY q = −
G∑
i,j=1
[
ydj Q¯
i
LφVijD
j
R + h.c.
]
−
G∑
i=1
[
yui Q¯
i
Lφ˜ U
i
R + h.c.
]
. (1.18)
If Su, Ru, and Rd achieve this structure, so do e
iϕSu, e
iϕRu, and e
iϕRd. (The freedom to
choose this phase leads to global conservation of total baryon number.) Thus, the manipu-
lations remove 3G2 − 1 parameters from the 4G2 in two arbitrary G×G matrices, leaving
G2 + 1. Of these, 2G are in yu and yd, and the other (G − 1)2 are in the CKM matrix V .
One can also count separately the real and imaginary parameters. Since a G × G unitary
matrix has 12G(G− 1) real and 12G(G+1) imaginary components, one finds that the CKM
matrix has 12G(G − 1) real, CP -conserving parameters, and 12(G − 1)(G − 2) imaginary,
CP violating parameters. For example, the case G = 2 has no CP violation from this
mechanism, G = 3 has a single CP violating parameter, and G = 4 has three.
The CKM matrix V arises from the misalignment of the matrices Su and Sd. Under
circumstances that preserve some of the flavor symmetry, they can be partially aligned, and
then V contains even fewer physical parameters. In an example with three generations,
if two entries either in yu or in yd are equal, partial re-alignment removes one real angle
and one phase. Therefore, the CKM mechanism leads to CP violation only if like-charged
quarks all have distinct masses.
Substituting Eq. (1.10) into LY and keeping quadratic terms shows that the masses are
mak =
v√
2
yak , (1.19)
for k = 1, 2, 3, and a = e, d, u. For quarks this is easiest to see if one sets
QL =
(
UL
V DL
)
, (1.20)
which diagonalizes the mass terms for the down-like quarks in Eq. (1.18). In this basis the
CKM matrix migrates to the charged-current vertex:
LU¯WD = −
g2√
2
[
U¯L/W
+V DL + D¯LV
† /W−UL
]
, (1.21)
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where W± = (W 1 ∓ iW 2)/√2. The basis in (1.20), with diagonal mass matrices and the
CKM matrix in the charged currents of quarks, is usually adopted in phenomenology.
Note that the neutral current interactions are unaffected by writing V in (1.20). Thus,
there are no flavor-changing neutral currents (FCNC) at the tree level in the Standard
Model. This is known as the Glashow-Iliopoulus-Maiani (GIM) effect [12]. Even at the
loop level, where the FCNCs do arise, the GIM mechanism can suppress processes by a
factor m2q/m
2
W , which is very small, except in the case of the top quark. GIM suppression
and Cabibbo suppression (i.e., factors of λ) both imply near-null predictions for several
processes. Observation of any of these would constitute a clear signal of non-standard
physics.
Note that quark and lepton masses arise from the same microscopic interactions as CKM
flavor violation. In Nature, the quark and lepton masses vary over orders of magnitude.
Thus, the large flavor symmetry that would arise in the absence of Yukawa interactions
is severely broken. In the Standard Model, the Yukawa couplings are simply chosen to
contrive the observed masses. This is unsatisfactory, but we lack the detailed experimental
information needed to develop a deeper theory of flavor.
1.2.2 General models
The foregoing discussion makes clear that the unitary CKM matrix arises in an algebraic
way. Therefore, the mechanism can survive in models with a more complicated Higgs sector.
The Standard Model is a model of economy: a single doublet generates mass for the gauge
bosons, charged leptons, down-like quarks, and up-like quarks. In models with two doublets
(and three or more generations), the CKM source of CP violations remains, but there can
be additional CP violation in the Higgs sector [13].
To emphasize this point, let us consider an extreme example with
LY = L¯iLΦeijEjR + Q¯iLΦdijDjR + Q¯iLΦ˜uijU jR + h.c., (1.22)
where i, j run over generations, and we take the basis in which gauge interactions do not
change generations. The tilde on Φ˜u is introduced so that, with Φ˜
u = iσ2Φ
u∗, all Φa are
(matrix) fields with hypercharge +12 . Here the Yukawa couplings are absorbed into the
fields—Eq. (1.22) is hideous enough as it is. Since all Φa are doublets under SU(2), they
all would participate in electroweak symmetry breaking.
Suppose the Higgs potential, now a complicated function of all the scalar fields, leads
to vacuum expectation values of the form
〈Φaij〉 =
(
0
mˆaij
)
. (1.23)
Then the mˆaij are mass matrices, and the algebra leading to the real, physical masses m
a
k
and the CKM matrix is just as above. The CKM matrix, V , survives and should lead to
CP violation, because there is no good reason for the phase in V to be small. There would,
however, almost certainly be new sources of CP violation from the Higgs sector.
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1.2.3 CP violation from a unitary CKM matrix
In the standard, one-doublet, model, we see that flavor and CP violation arise solely through
the CKM matrix. Furthermore, in more general settings, the CKM matrix can still arise,
but there may be other sources of CP violation as well. If the CKM matrix is the only
source of CP violation, there are many relations between CP -conserving and CP violating
observables that arise from the fact that V is a unitary matrix. This section outlines a
framework for testing whether these constraints are, in fact, realized.
A useful way [14] of gauging the size of CP violation starts with the commutator of the
mass matrices, C = [mˆumˆu†, mˆdmˆd†], which can be re-written
C = S†u
[
(mu)2, V (md)2 V †
]
Su , (1.24)
to show that detC depends on the physical masses and V . After some algebra one finds
detC = −2iFuFdJ , (1.25)
where
Fu = (m
2
u −m2c)(m2c −m2t )(m2t −m2u) , (1.26)
Fd = (m
2
d −m2s)(m2s −m2b)(m2b −m2d) , (1.27)
J = Im [V11V
∗
21 V22V
∗
12] . (1.28)
To arrive at Eq. (1.25) one makes repeated use of the property V V † = 1 , especially that
J = Im [VijV
∗
kj VklV
∗
il ]
∑
m
εikm
∑
n
εjln , (1.29)
for all combinations of i, j, k, and l. The determinant detC captures several essential
features of CP violation from the CKM mechanism. It is imaginary, reminding us that CP
violation stems from a complex coupling. More significantly, there is no CP violation unless
Fu, Fd, and J are all different from zero. Non-vanishing Fu and Fd codify the requirements
on the quark masses given above. Non-vanishing J codifies requirements on V , which are
clearest after choosing a specific parameterization. The key point, however, is that the value
taken by J is independent of the parameterization, by construction of detC.
To emphasize the physical transitions associated with the CKM matrix, it is usually
written
V =

Vud Vus Vub
Vcd Vcs Vcb
Vtd Vts Vtb
 , (1.30)
so that the entries are labeled by the quark flavors. From Eq. (1.21), the vertex at which
a b quark decays to a W− and c quark is proportional to Vcb; similarly, the vertex at
which a c quark decays to a W+ and s quark is proportional to V ∗cs. Because V is unitary,
|Vud|2+ |Vus|2+ |Vub|2 = 1, and similarly for all other rows and columns. These constraints
give information on unmeasured (or poorly measured) elements of V . For example, because
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Vcd Vcb*
Vud Vub* Vtb*Vtd
βγ
α
Vud Vub*
Vcb*Vcd Vcd
Vtd
Vcb*
Vtb*
βγ
α
(0,0)
(ρ,η)
(1,0)
Figure 1.1: The unitarity triangle. The version on the left directly expresses
Eq. (1.31). The rescaled version shows the definition of (ρ¯, η¯).
|Vcb| and |Vub| are known to be small, |Vtb| should be very close to 1—if, indeed, there are
only three generations. Furthermore, |Vts| and |Vtd| must also be small.
Even more interesting constraints come from the orthogonality of columns (or rows) of
a unitary matrix. Taking the first and third columns of V , one has
VudV
∗
ub + VcdV
∗
cb + VtdV
∗
tb = 0 . (1.31)
Equation (1.31) says that the three terms in the sum trace out a triangle on the complex
plane. Because it is a consequence of the unitarity property of V , this triangle is called the
“unitarity triangle,” shown in Fig. 1.1. The lengths of the sides are simply |VudV ∗ub|, etc.,
and the angles are
α = arg
[
− VtdV
∗
tb
VudV
∗
ub
]
, β = arg
[
−VcdV
∗
cb
VtdV
∗
tb
]
, γ = arg
[
−VudV
∗
ub
VcdV
∗
cb
]
. (1.32)
The notation β ≡ φ1, α ≡ φ2, γ ≡ φ3 is also used. By construction α + β + γ = π. The
area of the triangle is |J |/2 and the terms trace out the triangle in a counter-clockwise
(clockwise) sense if J is positive (negative). In fact, there are five more unitarity triangles,
all with area |J |/2 and orientation linked to the sign of J .
The unitarity triangle(s) are useful because they provide a simple, vivid summary of
the CKM mechanism. Separate measurements of lengths, through decay and mixing rates,
and angles, through CP asymmetries, should fit together. Furthermore, when one combines
measurements—from the B, Bs, K, and D systems, as well as from hadronicW decays—all
triangles should have the same area and orientation. If there are non-CKM contributions
to flavor or CP violation, however, the interpretation of rates and asymmetries as mea-
surements of the sides and angles no longer holds. The triangle built from experimentally
defined sides and angles will not fit with the CKM picture.
In the parameterization favored by the Particle Data Book [15]
V =

c12c13 s12c13 s13e
−iδ13
−s12c23 − c12s23s13eiδ13 c12c23 − s12s23s13eiδ13 s23c13
s12s23 − c12c23s13eiδ13 −c12s23 − s12c23s13eiδ13 c23c13
 , (1.33)
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where cij = cos θij and sij = sin θij. The real angles θij may be chosen so that 0 ≤ θij ≤ π/2,
and the phase δ13 so that 0 ≤ δ13 < 2π. With Eq. (1.33) the Jarlskog invariant becomes
J = c12c23c
2
13s12s23s13 sin δ13 . (1.34)
The parameters must satisfy
δ13 6= 0, π ; θij 6= 0, π/2 ; (1.35)
otherwise J vanishes. Since CP violation is proportional to J , the CKM matrix must not
only have complex entries, but also non-trivial mixing; otherwise the KM phase δ13 can be
removed.
A convenient parameterization of the CKM matrix is due to Wolfenstein [16]. It stems
from the observation that the measured matrix obeys a hierarchy, with diagonal elements
close to 1, and progressively smaller elements away from the diagonal. This hierarchy can
be formalized by defining λ, A, ρ, and η via
λ ≡ s12 , A ≡ s23/λ2 , ρ+ iη ≡ s13eiδ13/Aλ3 . (1.36)
From experiment λ ≈ 0.22, A ≈ 0.8, and √ρ2 + η2 ≈ 0.4, so it is phenomenologically useful
to expand V in powers of λ:
V =

1− 12λ2 λ Aλ3(ρ− iη)
−λ 1− 12λ2 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1
+O(λ4) . (1.37)
The most interesting correction at O(λ4) for our purposes is ImVts = −Aλ4η. The Jarlskog
invariant can now be expressed J = A2λ6η ≈ (7×10−5)η. One sees that CKM CP violation
is small not because δ13 is small but because flavor violation must also occur, and flavor
violation is suppressed, empirically, by powers of λ.
The unitarity triangle in Eq. (1.31) is special, because its three sides are all of order
Aλ3. The triangle formed from the orthogonality of the first and third rows also has this
property, but it is not accessible, because the top quark decays before the mesons needed
to measure the angles are bound. The other triangles are all long and thin, with sides
(λ, λ,Aλ5) (e.g., for the kaon) or (λ2, λ2, Aλ4) (e.g., for the Bs meson).
It is customary to rescale Eq. (1.31) by the common factor Aλ3, to focus on the less well-
determined parameters (ρ, η). In the context of the Wolfenstein parameterization, there are
many ways to do this. Since we anticipate precision in experimental measurements, and also
in theoretical calculations of some important hadronic transition amplitudes, it is useful to
choose an exact rescaling. We choose to divide all three terms in Eq. (1.31) by VcdV
∗
cb and
define3
ρ¯+ iη¯ ≡ −VudV
∗
ub
VcdV
∗
cb
. (1.38)
3This definition differs at O(λ4) from the original one in Ref. [17].
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Then the rescaled triangle, also shown in Fig. 1.1, has its apex in the complex plane at
(ρ¯, η¯). The angles of the triangle are easily expressed
α = tan−1
(
η¯
η¯2 + ρ¯(ρ¯− 1)
)
, β = tan−1
(
η¯
1− ρ¯
)
, γ = tan−1
(
η¯
ρ¯
)
, (1.39)
Since η¯, ρ¯, and 1 − ρ¯ could easily be of comparable size, the angles and, thus, the corre-
sponding CP asymmetries could be large.
At the Tevatron there is also copious production of Bs mesons. The corresponding
unitarity triangle is
VusV
∗
ub + VcsV
∗
cb + VtsV
∗
tb = 0 , (1.40)
replacing the d quark with s. In Eq. (1.40) the first side is much shorter than the other
two. Therefore, the opposing angle
βs = arg
[
−VtsV
∗
tb
VcsV ∗cb
]
= λ2η +O(λ4) (1.41)
is small, of order one degree. Therefore, the asymmetries in Bs → ψη(′) and Bs → ψφ are
much smaller than in the corresponding B decays. On the other hand, this asymmetry is
sensitive to new physics in B0s − B0s mixing. In the standard model, as discussed below,
mixing is induced by loop processes. When, as here, there is also Cabibbo suppression, it is
easy for the non-standard phenomena to compete. Thus, in the short term a measurement
of βs represents a search for new physics, whereas in the long term it would be a verification
of the CKM picture.
The unitarity triangle for the D system comes from the orthogonality of the top two
rows of the CKM matrix. It is even longer and thinner than the one for the Bs system.
Consequently, a non-zero measurement of the CP asymmetry associated with the small
angle is a clear sign of new physics. It seems that experiments to measure the D-system
unitarity triangle are not yet feasible.
1.2.4 Hadronic uncertainties and clean measurements
At a superficial level, the way to test the CKM picture is to measure rates and asymmetries
that are sensitive to the sides and angles (of all triangles), in as many ways as possible.
A serious obstacle, however, is that the quarks are confined in hadrons. Consequently, most
relations between experimental observables and Lagrangian-level couplings, like the CKM
matrix, involve hadronic matrix elements. In this subsection, we summarize briefly how to
treat the matrix elements, with an eye toward identifying processes that are relatively free
of hadronic uncertainty.
There are several approaches for treating the hadronic matrix elements, none of which
is universally useful. In Sec. 1.5 we introduce some of the essential tools in greater detail.
Here we illustrate the possibilities with examples.
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• Perfect (or essentially perfect) symmetries of QCD, such as C or CP : When a single
CKM factor dominates a process, the QCD part of the amplitude cancels in ratios
such as the CP asymmetry in interference between decays with and without mixing.
The two best examples are in the asymmetries for4 B → ψKS and Bs → D±s K∓.
Assuming that CP violation comes only from the CKM matrix, the first class of
modes cleanly yields sin 2β, and the other pair of modes cleanly yields sin(γ − 2βs).
• Approximate symmetries, such as isospin, flavor SU(3), chiral symmetry, or heavy
quark symmetry: The best-known examples are when the symmetry restricts a form
factor for semileptonic decays. Isospin and n → peν¯e give |Vud|; flavor SU(3) and
K → πeν¯e give |Vus|; and heavy quark symmetry and B → D∗ℓν¯ℓ give |Vcb|. The
hadronic uncertainty is now in the deviation from the symmetry limit. An even more
intriguing use of isospin is to relate the form factor of K0 → π+eν¯e to that of K0,± →
π0,±νν¯. The rare νν¯ decays are, thus, essentially free of hadronic uncertainties.5
• Lattice QCD: This computational method is sound, in principle, for hadronic matrix
elements with at most one final-state hadron. Limitations in computer power have led
to an approximation, called the quenched approximation, whose error is difficult to
quantify. With increases in computer resources, lattice results should, in the future,
play a more important role in determining the sides of the unitarity triangles. For
more details, see Sec.1.5.4.
• Perturbative QCD for exclusive processes: It may be possible to calculate the strong
phases of certain nonleptonic B decays using perturbative QCD. This is in some ways
analogous to computing cross sections in hadronic collisions, and the nonperturba-
tive information is captured in light-cone distribution amplitudes [20]. There are, at
present, two different approaches [21,22], whose practical relevance remains an open
question.
• QCD sum rules: Like lattice and perturbative QCD, sum rules are based on QCD and
field theory. Uncertainty estimates are usually semi-quantitative and it is difficult to
reduce them in a controlled manner.
• Models of QCD, such as quark models, naive factorization, etc: These techniques can
be applied for back-of-the-envelope estimates. There is no prospect for providing a
quotable error and, thus, should not be used in quantitative work.
In summary, at the present time the cleanest observables are the CP asymmetries in B0d
decays to charmonium+kaon and in B0s decays to D
±
s K
∓. The rare decay KL → π0νν¯ is
free of theoretical uncertainties at a similar level, but presents a big experimental challenge.
Semileptonic decays restricted by symmetries as well as K± → π±νν¯ are a step down,
but still good. With enough computer power to overcome the quenched approximation,
lattice QCD could yield, during the course of Run II, controlled uncertainty estimates for
neutral-meson mixing and leptonic and semileptonic decays of a few percent.
4Here, and in the rest of this chapter, ψ stands for any charmonium state, J/ψ, ψ′, χc, etc.
5In the charged mode there is an uncertainty stemming from the uncertainty in the charmed quark mass.
It has been estimated to be around 5% in |VtsVtd| [18]. Power suppressed corrections to K → piνν¯ have also
been estimated and found to be small [19].
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1.3 General Formalism for Mixing and CP Violation
This section is devoted to the general formalism for meson mixing and CP violation. Much
of the material can also be found in other review articles and reports [4,5,8], but some
topics require a different viewpoint in the light of the B physics program at a hadron
collider: unlike the B factories the Tevatron will be able to study B0s mesons. The two
mass eigenstates in the B0s system may involve a sizable width difference ∆Γ, which must
be included in the formulae for the B0s time evolution. We consequently present these
formulae including all effects from a non-vanishing ∆Γ.
Many details of the formalism depend on conventions, particularly in the choice of the
complex phases that unavoidably appear in any CP violating physical system. We would
like to discourage the reader from combining formulae from different sources, so we try to
give a comprehensive and self-contained presentation of the subject. We start by introducing
the discrete transformation C, P and T in Sec. 1.3.1. Experimentally we know that C, P
and T are symmetries of the electromagnetic and strong interactions, so the corresponding
quantum numbers can be used to classify the hadron states. The description in Sec. 1.3.2
of the time evolution of the neutral B meson system is applicable to both the B0d and
the B0s meson systems. Sec. 1.3.3 deals with untagged B
0 decays and Sec. 1.3.4 presents
the formulae for CP asymmetries. Finally, in Sec. 1.3.4 we discuss phase conventions and
rephasing invariant quantities.
1.3.1 Discrete transformations
In this section we introduce the parity, P , time reversal, T , and charge conjugation, C,
transformations. P and T are defined through their action on coordinate vectors x =
(x0, x1, x2, x3): P flips the sign of the spatial coordinates x1,x2,x3 and T changes the time
component t = x0 into −t. Adopting the convention gµν = diag(1,−1,−1,−1) for the
Lorentz metric, one can compactly express the transformations in terms of xµ = gµνx
ν :
P : xµ → xµ ,
T : xµ → −xµ . (1.42)
The definition (1.42) implies that the derivative operator ∂µ = ∂/∂xµ and the momentum
pµ transform under P and T in the same way as xµ. Finally, C interchanges particles and
anti-particles. Apart from the weak interactions, these transformations are symmetries of
the Standard Model. It is therefore convenient to classify hadronic states by their C, P and
T quantum numbers, which are multiplicative and take the values ±1.
The Lagrangian of the Standard Model and its possible extensions contain bilinear
currents of the quark fields, to which gauge bosons and scalar fields couple. For example,
as discussed in Sec. 1.2, the W boson field W µ couples to the chiral vector current bLγµcL.
Quark bilinears also appear in composite operators which represent the Standard Model
interactions in low energy effective Hamiltonians, cf., Sec. 1.5.1. To understand how these
interactions work, it is helpful to list the transformation of the quark bilinears under C, P ,
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current bR dL (x
ρ) bL γµ dL (x
ρ) bR σµνdL (x
ρ)
C dR bL (x
ρ) ηC −dR γµ bR(xρ) ηC −dR σµν bL(xρ)
P bL dR (xρ) ηP bR γ
µ dR (xρ) ηP bL σ
µν dR (xρ) ηP
CP dL bR (xρ) ηCηP −dL γµ bL (xρ) ηCηP −dL σµν bR (xρ) ηCηP
T bR dL (−xρ) ηT bL γµ dL (−xρ) ηT bR σµν dL (−xρ) ηT
CPT dL bR (−xρ) ηCηPηT −dL γµ bL (−xρ) ηCηP ηT dL σµν bR (−xρ) ηCηP ηT
Table 1.1: C, P and T transformation properties of the chiral scalar, vector and
magnetic currents. The coordinate x in parentheses is the argument of both quark
fields.
T and the combined transformations CP and CPT . For illustration we specify to currents
involving a b and a d field. The generic transformation under some discrete symmetry X is
X : bΓd → X bΓdX−1, (1.43)
and Table 1.1 lists the transformation for the chiral scalar, vector and magnetic currents.
Here σµν = (i/2)[γµ, γν ]. The transformation laws for the currents with opposite chirality
are obtained by interchanging L↔ R in Table 1.1. The phase factors
ηX = η
bd
X = e
i(φdX−φ
b
X), X = C,P, T . (1.44)
depend on the quark flavors, but for simplicity the flavor indices of the ηXs have been
omitted in Table 1.1. One can absorb these arbitrary phase factors exp(iφqX) into the
definitions of the discrete transformations for every quark field in the theory. This feature
originates from the freedom to redefine any quark field by a phase transformation
q → q eiφq . (1.45)
In the absence of flavor-changing couplings the change in (1.45) is a U(1) symmetry transfor-
mation leaving the Lagrangian invariant. The corresponding conserved quantum number
is the flavor of the quark q. After including the flavor-changing interactions, the phase
transformations in (1.45) change the phases of the flavor-changing couplings. The flavor
symmetry is broken and every phase transformation (1.45) leads to a different, but physi-
cally equivalent Lagrangian. In the case of the Standard Model these transform the Yukawa
couplings and, hence, the CKM matrix from one phase convention into another.
The currents in Table 1.1 create and destroy the meson states with the appropriate
quantum numbers. Since the QCD interaction, which binds the quarks into mesons, con-
serves C, P and T , the meson states transform like the corresponding currents in Table 1.1.
For example, the Bd meson is pseudoscalar and transforms under CP as
CP |B0d (P ρ)〉 = −ηbdP ηbdC |B0d (Pρ)〉 ,
CP |B0d (P ρ)〉 = −ηbdP ∗ηbdC ∗ |B0d (Pρ)〉 . (1.46)
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photon, gluon, Z boson W boson Higgs
field V µ (xρ) = Aµ(xρ) , Aµ, a(xρ) , Zµ(xρ) W±,µ (xρ) H (xρ)
C −V µ (xρ) −W∓,µ (xρ) H (xρ)
P Vµ (xρ) W
±
µ (xρ) H (xρ)
CP −Vµ (xρ) −W∓µ (xρ) H (xρ)
T Vµ (−xρ) W±µ (−xρ) H(−xρ)
CPT −V µ (−xρ) −W∓,µ (−xρ) H (−xρ)
Table 1.2: C, Pand T transformation properties of bosons in the Standard Model.
The vacuum state |0〉 is invariant under C, P and T . Hence one finds, for example,
〈0| bγµγ5d(x) |B0d(P )〉 CP= 〈0| dγµγ5b(x) |B0d(P )〉 = ifBdPµe−iP ·x , (1.47)
which is the definition of the B meson decay constant fBd . The phases η
bd
P η
bd
C from the CP
transformation of the pseudovector current bγµγ5d = bRγµdR − bLγµdL and ηbdP ∗ηbdC ∗ from
(1.46) cancel in the first relation in (1.47). We can further multiply |B0d(P )〉 and |B0d(P )〉
by another common phase factor (unrelated to CP ) to choose fBd positive.
Although C and P are unitary transformations, T is anti-unitary (i.e., T †T = 1 and
〈Tφ|Tψ〉 = 〈ψ|φ〉). Thus, for example,
T |B0d(P ρ)〉 = 〈B0d(−Pρ)| . (1.48)
The anti-unitary property of T means also that c-numbers, such as the CKM matrix, are
transformed into their complex conjugates.
Table 1.2 lists the transformation properties of the vector bosons and the scalar Higgs
field H appearing in the Standard Model. The transformation properties of the photon and
gluon field are deduced from the experimental observation that QED and QCD conserve C,
P and Tquantum numbers. For the weak gauge bosons the absence of CP and T violation
in the gauge sector fixes the transformation properties of W±,µ and Zµ under CP and T .
The assignment of the C and P transformations to the weak gauge bosons and the Higgs
in Table 1.2 is chosen such that the Standard Model conserves C and P in the absence of
fermion fields. These assignments do not impose additional selection rules on the Standard
Model interactions and therefore have no observable consequences.
From Table 1.1 one can see why the weak interaction in the Standard Model violates
C and P . These transformations flip the chirality of the quark fields, but left- and right-
handed fields belong to different representations of the SU(2) gauge group. The combined
transformation CP , however, maps the quark fields onto fields with the same chirality. Still,
the currents and their CP conjugates (i.e., the first and fourth rows of Table 1.1) are not
identical: instead they are Hermitian conjugates of each other. Since the Lagrangian of
any quantm field theory is Hermitian, it contains for each coupling of a quark current to a
vector field its Hermitian conjugate coupling as well. For example, the coupling of the W
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to b and u quarks in the Standard Model is
L = − g2√
2
[
Vub uL γ
µbLW
+
µ + V
∗
ub bL γ
µuLW
−
µ
]
. (1.49)
From Tables 1.1 and 1.2 one derives the CP transformation
CP L (CP )−1 = − g2√
2
[
Vub bL γ
µuLW
−
µ + V
∗
ub uL γ
µbLW
+
µ
]
, (1.50)
which is the same only if Vub = V
∗
ub. This illuminates why CP violation is related to complex
phases in couplings. Yet complex couplings alone are not sufficient for a theory to violate
CP . A phase rotation (1.45) of the quark fields in the CP transformed Lagrangian changes
the phases of the couplings. If we can in this way rotate the phases in CP L (CP )−1 back
into those in L, then CP is conserved. In our example (1.49) the choice φb−φu = 2arg Vub
would transform CP L (CP )−1 back into L. As outlined in Sec. 1.2, Kobayashi and Maskawa
realized that it is not possible to remove all the phases, once there are more than two quark
generations [11].
It is also illustrative to apply the time reversal transformation to (1.49). It does not
modify the currents, but, due to its anti-unitary character, it flips the phases of the couplings
and thereby leads to the same result as the CP transformation. In our example we have
disregarded the changes in the arguments xρ of the fields shown in (1.42). Since physical
observables depend on the action, S =
∫
d4xL(x), rather than on L, the sign of xρ can be
absorbed into a change of the integration variables.
From Table 1.1 and Table 1.2 one can verify that the action of the Standard Model is
invariant under the combined transformation CPT . The CPT transformation simply turns
the currents and the vector fields into their Hermitian conjugates. Due to L = L† one has
S =
∫
d4xL(x) =
∫
d4x′ L(−x′) =
∫
d4x′ CPT L(x′) (CPT )−1 = CPT S (CPT )−1 . (1.51)
This CPT theorem holds in any local Poincare´ invariant quantum field theory [23]. It implies
that particles and antiparticles have the same masses and total decay widths. In certain
string theories CPT violation may be possible, and at low energies manifests itself in the
violation of Poincare´ invariance or of quantum mechanics [24]. In the standard framework
of quantum field theory, however, the CPT theorem is built in from the very beginning. For
example, the Feynman diagram for any decay or scattering process and its CPT conjugate
diagram are simply related by complex conjugation and give the same result for the decay
rate or cross section. Unless stated otherwise it is always assumed that CPT invariance
holds in all the formulae in this report. In this context it is meaningless to distinguish CP
violation and T violation.
1.3.2 Time evolution and mixing
In this section we list the necessary formulae to describe B0d−B0d mixing and B0s −B0s
mixing. The formulae are general and apply to both B0d and to B
0
s mesons, although with
different values of the parameters. Eqs. (1.52)–(1.62) are even correct for K0−K0 mixing
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Figure 1.2: Standard Model box diagrams inducing B0d −B0d mixing.
and D0−D0 mixing. In the following, the notation B0 represents either of the two neutral
B meson species with the standard convention that B0 (B0) contains a b antiquark (a
b quark).
B0 − B0 mixing refers to transitions between the two flavor eigenstates |B0〉 and |B0〉.
In the Standard Model B0−B0 mixing is caused by the fourth order flavor-changing weak
interaction described by the box diagrams in Fig. 1.2. Such transitions are called |∆B|=2
transitions, because they change the bottom quantum number by two units. In the Standard
Model |∆B|=2 amplitudes are small, so measurements of B0 − B0 mixing could easily be
sensitive to new physics.
B0 − B0 mixing induces oscillations between B0 and B0. An initially produced B0 or
B0 evolves in time into a superposition of B0 and B0. Let |B0(t)〉 denote the state vector
of a B meson which is tagged as a B0 at time t = 0, i.e., |B0(t = 0)〉 = |B0〉. Likewise
|B0(t)〉 represents a B meson initially tagged as a B0. The time evolution of these states is
governed by a Schro¨dinger equation:
i
d
d t
( |B(t)〉
|B(t)〉
)
=
(
M − i Γ
2
)( |B(t)〉
|B(t)〉
)
. (1.52)
The mass matrix M and the decay matrix Γ are t-independent, Hermitian 2 × 2 matrices.
CPT invariance implies that
M11 =M22 , Γ11 = Γ22 . (1.53)
|∆B| = 2 transitions induce non-zero off-diagonal elements in (1.52), so that the mass
eigenstates of the neutral B meson are different from the flavor eigenstates |B0〉 and |B0〉.
The mass eigenstates are defined as the eigenvectors of M − iΓ/2. We express them in
terms of the flavor eigenstates as
Lighter eigenstate: |BL〉 = p|B0〉+ q|B0〉 ,
Heavier eigenstate: |BH〉 = p|B0〉 − q|B0〉 , (1.54)
with |p|2+ |q|2 = 1. Note that, in general, |BL〉 and |BH〉 are not orthogonal to each other.
The time evolution of the mass eigenstates is governed by the two eigenvalues MH −
iΓH/2 and ML − iΓL/2:
|BH,L(t)〉 = e−(iMH,L+ΓH,L/2)t |BH,L〉 , (1.55)
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where |BH,L〉 (without the time argument) denotes the mass eigenstates at time t = 0:
|BH,L〉 = |BH,L(t = 0)〉. We adopt the following definitions for the average mass and width
and the mass and width differences of the B meson eigenstates:
m =
MH +ML
2
=M11 , Γ =
ΓL + ΓH
2
= Γ11 ,
∆m = MH −ML , ∆Γ = ΓL − ΓH .
(1.56)
∆m is positive by definition. Note that the sign convention for ∆Γ is opposite to the one
used in Refs. [4–6,8]. In our convention the Standard Model prediction for ∆Γ is positive.
We can find the time evolution of |B(t)〉 and |B(t)〉 as follows. We first invert (1.54) to
express |B0〉 and |B0〉 in terms of the mass eigenstates and using their time evolution in
(1.55):
|B0(t)〉 = 1
2p
[
e−iMLt−ΓLt/2 |BL〉 + e−iMHt−ΓH t/2 |BH〉
]
,
|B0(t)〉 = 1
2q
[
e−iMLt−ΓLt/2 |BL〉 − e−iMH t−ΓH t/2 |BH〉
]
. (1.57)
These expressions will be very useful in the discussion of Bs mixing.
6 With (1.54) we next
eliminate the mass eigenstates in (1.57) in favor of the flavor eigenstates:
|B0(t)〉 = g+(t) |B0〉+ q
p
g−(t) |B0〉 ,
|B0(t)〉 = p
q
g−(t) |B0〉+ g+(t) |B0〉 , (1.58)
where
g+(t) = e
−imt e−Γt/2
[
cosh
∆Γ t
4
cos
∆mt
2
− i sinh ∆Γ t
4
sin
∆mt
2
]
,
g−(t) = e
−imt e−Γt/2
[
− sinh ∆Γ t
4
cos
∆mt
2
+ i cosh
∆Γ t
4
sin
∆mt
2
]
. (1.59)
Note that—owing to ∆Γ 6= 0—the coefficient g+(t) has no zeros, and g−(t) vanishes only
at t = 0. Hence an initially produced B0 will never turn into a pure B0 or back into a
pure B0. The coefficients in (1.59) will enter the formulae for the decay asymmetries in the
combinations
|g±(t)|2 = e
−Γt
2
[
cosh
∆Γ t
2
± cos (∆mt)
]
,
g∗+(t) g−(t) =
e−Γt
2
[
− sinh ∆Γ t
2
+ i sin (∆mt)
]
. (1.60)
6The Schro¨dinger equation, (1.52), is not exactly valid, but the result of the so-called Wigner-Weisskopf
approximation [25] to the decay problem. In general, there are tiny corrections to the exponential decay
laws in (1.57) at very short and very large times [26]. These corrections are irrelevant for the mixing and
CP studies at Run II, but they must be taken into account in high precision searches for CPT violation [27].
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In a given theory, such as the Standard Model, one can calculate the off-diagonal ele-
mentsM12 and Γ12 entering (1.52) from |∆B|=2 diagrams. In order to exploit the formulae
(1.57)–(1.59) for the time evolution we still need to express ∆m, ∆Γ and q/p in terms of
M12 and Γ12. By solving for the eigenvalues and eigenvectors of M − iΓ/2 one finds
(∆m)2 − 1
4
(∆Γ)2 = 4 |M12|2 − |Γ12|2 , (1.61a)
∆m∆Γ = −4Re (M12Γ∗12) , (1.61b)
q
p
= −∆m+ i∆Γ/2
2M12 − iΓ12 = −
2M∗12 − iΓ∗12
∆m+ i∆Γ/2
. (1.61c)
The relative phase between M12 and Γ12 appears in many observables related to B mixing.
We introduce
φ = arg
(
−M12
Γ12
)
. (1.62)
Now one can solve (1.61) for ∆m and ∆Γ in terms of |M12|, |Γ12| and φ.
The general solution is not illuminating, but a simple, approximate solution may be
derived when
|Γ12| ≪ |M12| , and ∆Γ≪ ∆m. (1.63)
These inequalities hold (empirically) for both B0 systems. We first note that |Γ12| ≤ Γ
always, because Γ12 stems from the decays into final states common to B
0 and B0. For the
B0s meson the lower bound on ∆mBs establishes experimentally that ΓBs ≪ ∆mBs . Hence
Γs12 ≪ ∆mBs , and Eqs. (1.61a) and (1.61b) imply ∆mBs ≈ 2|M s12| and |∆ΓBs | ≤ 2|Γs12|,
so that (1.63) holds. For the B0d meson the experiments give ∆mBd ≈ 0.75ΓBd . The
Standard Model predicts |Γd12|/ΓBd = O(1%), but Γd12 stems solely from CKM-suppressed
decay channels (common to B0d and B
0
d) and could therefore be affected by new physics.
New decay channels would, however, also increase ΓBd and potentially conflict with the
precisely measured semileptonic branching ratio. A conservative estimate is |Γd12|/ΓBd <
10%. Hence for both the B0s and B
0
d system an expansion in Γ12/M12 and ∆Γ/∆m is a
good approximation, and we easily find
∆m = 2 |M12|
[
1 +O
(∣∣∣∣ Γ12M12
∣∣∣∣2
)]
, (1.64a)
∆Γ = 2 |Γ12| cosφ
[
1 +O
(∣∣∣∣ Γ12M12
∣∣∣∣2
)]
. (1.64b)
We also need an approximate expression for q/p in (1.61). It is convenient to define a small
parameter
a = Im
Γ12
M12
=
∣∣∣∣ Γ12M12
∣∣∣∣ sinφ , (1.65)
because occasionally we need to keep terms of order a. Then q/p becomes
q
p
= −e−iφM
[
1− a
2
]
+O
(∣∣∣∣ Γ12M12
∣∣∣∣2
)
, (1.66)
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where φM is the phase of M12,
M12 = |M12| eiφM . (1.67)
Note that (1.66) and the normalization condition |p|2 + |q|2 = 1 imply
|p| = 1√
2
(
1 +
a
4
)
+O
(∣∣∣∣ Γ12M12
∣∣∣∣2
)
, |q| = 1√
2
(
1− a
4
)
+O
(∣∣∣∣ Γ12M12
∣∣∣∣2
)
. (1.68)
We are now prepared to exhibit the time-dependent decay rate Γ(B0(t) → f) of an
initially tagged B0 into some final state f . It is defined as
Γ(B0(t)→ f) = 1
NB
dN(B0(t)→ f)
dt
, (1.69)
where dN(B0(t)→ f) denotes the number of decays of a B meson tagged as a B0 at t = 0
into the final state f occurring within the time interval between t and t+dt. NB is the total
number of B0’s produced at time t = 0. An analogous definition holds for Γ(B0(t) → f).
One has
Γ(B0(t)→ f) = Nf
∣∣∣〈f |B0(t)〉∣∣∣2 , Γ(B0(t)→ f) = Nf ∣∣∣〈f |B0(t)〉∣∣∣2 . (1.70)
Here Nf is a time-independent normalization factor. To calculate Γ(B0(t) → f) we intro-
duce the two decay amplitudes
Af = 〈f |B0〉 , Af = 〈f |B0〉 , (1.71)
and the quantity
λf =
q
p
Af
Af
≃ −e−iφM Af
Af
[
1− a
2
]
. (1.72)
We will see in the following sections that λf plays the pivotal role in CP asymmetries and
other observables in B mixing. Finally with (1.58), (1.60) and |p/q|2 = (1 + a) we find the
desired formulae for the decay rates:
Γ(B0(t)→ f) = Nf |Af |2 e−Γt
{
1 + |λf |2
2
cosh
∆Γ t
2
+
1− |λf |2
2
cos(∆mt)
−Reλf sinh ∆Γ t
2
− Imλf sin (∆mt)
}
, (1.73)
Γ(B0(t)→ f) = Nf |Af |2 (1 + a) e−Γt
{
1 + |λf |2
2
cosh
∆Γ t
2
− 1− |λf |
2
2
cos(∆mt)
−Reλf sinh ∆Γ t
2
+ Imλf sin(∆mt)
}
. (1.74)
Next we consider the decay into f , which denotes the CP conjugate state to f ,
|f〉 = CP |f〉 . (1.75)
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For example, for f = D−s π
+ the CP conjugate state is f = D+s π
−. The decay rate into f
can be obtained from (1.73) and (1.74) by simply replacing f with f . Yet |Af | and |Af |
are unrelated, unless f is a CP eigenstate, fulfilling |f〉 = ±|f〉. On the other hand the CP
transformation relates |Af | to |Af |, so it is more useful to factor out |Af |,
Γ(B0(t)→ f) = Nf
∣∣∣Af ∣∣∣2 e−Γt (1− a)
{
1 + |λf |−2
2
cosh
∆Γ t
2
−
1− |λf |−2
2
cos(∆mt)
−Re 1
λf
sinh
∆Γ t
2
+ Im
1
λf
sin(∆mt)
}
, (1.76)
Γ(B0(t)→ f) = Nf
∣∣∣Af ∣∣∣2 e−Γt
{
1 + |λf |−2
2
cosh
∆Γ t
2
+
1− |λf |−2
2
cos(∆mt)
−Re 1
λf
sinh
∆Γ t
2
− Im 1
λf
sin(∆mt)
}
. (1.77)
Here we set Nf = Nf , because these normalization factors arise from kinematics. In
Eqs. (1.73)–(1.77) we consistently keep terms of order a, which appear explicitly in the
prefactor in (1.74), (1.76) and are implicit in λf through (1.72).
7
We now apply the derived formalism to the decay rate into a flavor-specific final state
f meaning that a B0 can decay into f , while B0 cannot. Examples are f = D−s π
+ (from
B0s ) and f = Xℓ
+νℓ. In such decays Af = Af = 0 by definition and, hence, λf = 1/λf = 0.
Therefore,
Γ(B0(t)→ f) = Nf |Af |2 e−Γt 1
2
[
cosh
∆Γ t
2
+ cos(∆mt)
]
for Af = 0 , (1.78)
Γ(B0(t)→ f) = Nf
∣∣∣Af ∣∣∣2 (1− a) e−Γt 12
[
cosh
∆Γ t
2
− cos(∆mt)
]
for Af = 0 . (1.79)
Flavor-specific decays can be used to measure ∆m via the asymmetry in decays from mixed
and unmixed Bs:
A0(t) = Γ(B
0(t)→ f)− Γ(B0(t)→ f)
Γ(B0(t)→ f) + Γ(B0(t)→ f) . (1.80)
The amplitudes Af and Af are related to each other by CP conjugation. If there is no CP
violation in the decay amplitude (i.e., no direct CP violation), |Af | and |Af | are equal. This
is the case for decays like Bs → D−s π+ and B → Xℓ+νℓ conventionally used to measure
∆m. Then the mixing asymmetry in (1.80) reads
A0(t) = cos(∆mt)
cosh(∆Γ t/2)
+
a
2
[
1− cos
2(∆mt)
cosh2(∆Γ t/2)
]
, (1.81)
where we have allowed for a non-zero width difference.
7We have omitted terms of order |Γ12/M12|
2 in Eqs. (1.72)–(1.77) and will do this throughout the report.
In most applications one can set a to zero and often also ∆Γ can be neglected, so that the expressions in
Eqs. (1.73)–(1.77) simplify considerably.
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1.3.3 Time evolution of untagged B0 mesons
Since B0’s and B0’s are produced in equal numbers at the Tevatron, the untagged decay
rate for the decay
( )
B → f reads
Γ[f, t] = Γ(B0(t)→ f) + Γ(B0(t)→ f) (1.82)
= Nf |Af |2
(
1 + |λf |2
)
e−Γt
[
cosh
∆Γ t
2
+ sinh
∆Γt
2
A∆Γ
]
+O(a)
with
A∆Γ = − 2Reλf
1 + |λf |2
. (1.83)
From this equation one realizes that untagged samples are interesting for the determination
of ∆Γ. The fit of an untagged decay distribution to (1.82) involves the overall normalization
factor Nf |Af |2 (1+ |λf |2). From (1.69) one realizes that by integrating Γ[f, t] over all times
one obtains the branching ratio for the decay of an untagged B0 into the final state f :
B(( )B → f ) = 1
2
∫ ∞
0
dtΓ[f, t] =
Nf
2
|Af |2 Γ
(
1 + |λf |2
)−∆ΓReλf
Γ2 − (∆Γ/2)2 +O(a)
=
Nf
2
|Af |2
(
1 + |λf |2
) 1
Γ
[
1 +
∆Γ
2Γ
A∆Γ +O
(
(∆Γ)2
Γ2
)]
. (1.84)
Relation (1.84) allows to eliminate Nf |Af |2 [1 + |λf |2] from (1.82), if the branching ratio
is known. If both B (( )B → f) and ∆Γ are known, a one-parameter fit to the measured
untagged time evolution (1.82) allows to determine A∆Γ, which is of key interest for CP
studies.
Finally we write down a more intuitive expression for Γ[f, t]. From (1.70) and (1.57)
one immediately finds
Γ[f, t] = Nf
[
e−ΓLt |〈f |BL〉|2 + e−ΓH t |〈f |BH〉|2
]
+O(a) . (1.85)
With (1.54) one recovers (1.82) from (1.85). Now (1.85) nicely shows that the decay of the
untagged sample into some final state f is governed by two exponentials. If Bs mixing is
correctly described by the Standard Model, the mass eigenstates |BL〉 and |BH〉 are to a
high precision also CP eigenstates and (1.85) proves useful for the description of decays
into CP eigenstates.
1.3.4 Time-dependent and time-integrated CP asymmetries
The CP asymmetry for the decay of a charged B into the final state f reads
af =
Γ(B− → f)− Γ(B+ → f)
Γ(B− → f) + Γ(B+ → f) with |f〉 = CP |f〉. (1.86)
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Defining
Af = 〈f |B+〉 and Af = 〈f |B−〉 (1.87)
in analogy to (1.71) one finds
af = −
1−
∣∣∣Af/Af ∣∣∣2
1 +
∣∣∣Af/Af ∣∣∣2 . (1.88)
Since charged B mesons cannot mix, a non-zero af can only occur through CP violation
in the |∆B|=1 matrix elements Af and Af . This is called direct CP violation and stems
from |Af | 6= |Af |.
Next we consider the decay of a neutral B meson into a CP eigenstate f = fCP = ηff .
Here ηf = ±1 is the CP quantum number of f . An example for this situation is the decay
B0s → D+s D−s , where ηf = +1. We define the time-dependent CP asymmetry as
af (t) =
Γ(B0(t)→ f)− Γ(B0(t)→ f)
Γ(B0(t)→ f) + Γ(B0(t)→ f) . (1.89)
Using (1.73) and (1.74) one finds
af (t) = − A
dir
CP cos(∆mt) +A
mix
CP sin(∆mt)
cosh(∆Γ t/2) +A∆Γ sinh(∆Γ t/2)
+O(a) , (1.90)
where A∆Γ is defined in (1.83), and the direct and mixing-induced (or interference type)
CP asymmetries are
AdirCP =
1− |λf |2
1 + |λf |2
, AmixCP = −
2 Imλf
1 + |λf |2
, (1.91)
AmixCP stems from the interference of the decay amplitudes of the unmixed and the mixed
B, i.e., of B0 → f and B0 → f . It is discussed in more detail in Sec. 1.4.1. Note that the
quantities in (1.91) and (1.83) are not independent, |AdirCP |2 + |AmixCP |2 + |A∆Γ|2 = 1.
The time integrated asymmetry reads8
aintf =
∫∞
0 dt
[
Γ(B0(t)→ f)− Γ(B0(t)→ f)
]
∫∞
0 dt
[
Γ(B0(t)→ f) + Γ(B0(t)→ f)
] = −1 + y2
1 + x2
AdirCP +A
mix
CP x
1 +A∆Γ y
. (1.92)
Here the quantities x and y are defined as
x =
∆m
Γ
, y =
∆Γ
2Γ
. (1.93)
Thus, even without following the time evolution, a measurement of aintf puts constraints on
∆m and ∆Γ.
8Our sign conventions for the CP asymmetries in (1.86) and (1.89) are opposite to those in [8]. Our
definitions of AdirCP , A
mix
CP and A∆Γ are the same as in [8], taking into account that the quantity ξ
(q)
f of [8]
equals −λf .
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1.3.5 Phase conventions
In Sec. 1.3.1 we learned that there is no unique way to define the CP transformation,
because it involves an arbitrary phase factor ηCP ≡ ηCηP (see Table 1.1 and Eq. (1.44)).
This arbitrariness stems from the fact that phases of quark fields are unobservable and phase
redefinitions as in (1.45) transform the Lagrangian into a physically equivalent one. This
feature implies that the phases of the flavor-changing couplings in our Lagrangian are not
fixed and the phase rotation (1.45) transforms one phase convention for these couplings into
another one. Of course, physical observables are independent of these phase conventions.
Hence it is worth noting which of the quantities defined in the previous sections are invariant,
when ηCP or the phases of the quark fields are changed. It is also important to identify
the quantities that do depend on phase conventions to avoid mistakes when combining
convention dependent quantities into an invariant observable.
The phases of
M12 , Γ12 ,
q
p
, and
Af
Af
. (1.94)
depend on the phase convention of the CP transformation or the phase convention of the
CP violating couplings. In particular, the phase φM of the mixing amplitude M12 (defined
in (1.67)) is convention dependent. When speaking informally, one often says that a given
process, such as B0d → ψKS , measures the phase of the |∆B|=2 amplitude, i.e., φM . Such
statements refer to a specific phase convention, in which the decay amplitude of the process
has a vanishing (or negligible) phase. The following quantities are independent of phase
conventions: ∣∣∣∣qp
∣∣∣∣ ,
∣∣∣∣∣AfAf
∣∣∣∣∣ , a , φ , ∆m, ∆Γ , and λf . (1.95)
The only complex quantity here is λf . Its phase is a physical observable.
We have shown that the arbitrary phases accompanying the CP transformation stem
from the freedom to rephase the quark fields, see (1.45). The corresponding phase factors
ηCP in the CP transformed quark bilinears are sufficient to parameterize this arbitrariness
and likewise appear in the CP transformations of the mesons and the quantities in (1.94).
In some discussions of this issue authors allow for phases different from ηCP accompanying
the CP transformation (1.46) of the meson states. This is simply equivalent to using our
transformation (1.46) followed by a multiplication of |B0d〉 and |B0d〉 with extra phase factors
(unrelated to CP ), which do not affect observables. This would further introduce an extra
inconvenient phase into (1.47). The quantities in (1.95) are still invariant under such an
extra rephasing and no new information is gained from this generalization. Unless stated
otherwise, we will use the phase convention ηCP = 1, i.e.,
CP |B0(P ρ)〉 = −|B0(Pρ)〉 , CP |B0(P ρ)〉 = −|B0(Pρ)〉 . (1.96)
For the phases of the CKM elements we use the convention of the Particle Data Group,
(1.33).
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1.4 Aspects of CP Violation
1.4.1 The three types of CP violation
As discussed in Sec. 1.3.5, there are three phase convention independent physical CP vio-
lating observables ∣∣∣∣qp
∣∣∣∣ ,
∣∣∣∣∣AfAf
∣∣∣∣∣ , λf = qp AfAf . (1.97)
If any one of these quantities is not equal to 1 (or −1 for λf ), then CP is violated in the
particular decay. In fact, there are decays where only one of these types of CP violations
occur (to a very good approximation).
CP violation in mixing (|q/p| 6= 1)
It follows from Eq. (1.61c) that ∣∣∣∣qp
∣∣∣∣2 = ∣∣∣∣2M∗12 − iΓ∗122M12 − iΓ12
∣∣∣∣ . (1.98)
If CP were conserved, then the relative phase between M12 and Γ12 would vanish, and so
|q/p| = 1. If |q/p| 6= 1, then CP is violated. This is called CP violation in mixing, because
it results from the mass eigenstates being different from the CP eigenstates. It follows from
Eq. (1.54) that 〈BH |BL〉 = |p|2 − |q|2, and so the two physical states are orthogonal if and
only if CP is conserved in |∆B| = 2 amplitudes.
The simplest example of this type of CP violation is the neutral meson semileptonic
decay asymmetry to “wrong sign” leptons
asl(t) =
Γ(B0(t)→ ℓ+νX)− Γ(B0(t)→ ℓ−ν¯X)
Γ(B0(t)→ ℓ+νX) + Γ(B0(t)→ ℓ−ν¯X)
=
|p/q|2 − |q/p|2
|p/q|2 + |q/p|2 =
1− |q/p|4
1 + |q/p|4 = a+O(a
2) . (1.99)
The second line follows from Eq. (1.58). In B meson decay such an asymmetry is expected to
be O(10−2). The calculation of |q/p|−1 involves Im (Γ12/M12), which suffers from hadronic
uncertainties. Thus, it would be difficult to relate the observation of such an asymmetry
to CKM parameters. This type of CP violation can also be observed in any decay for
which Af ≫ Af , such as decays to flavor specific final states (for which Af = 0), e.g.,
B(s) → D−(s)π+. In kaon decays this asymmetry was recently measured by CPLEAR [28] in
agreement with the expectation that it should be equal to 4Re ǫK .
CP violation in decay (|A
f
/Af | 6= 1)
For any final state f , the quantity |Af/Af | is a phase convention independent physical
observable. There are two types of complex phases which can appear in Af and Af defined
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in Eq. (1.71). Complex parameters in the Lagrangian which enter a decay amplitude also
enter the CP conjugate amplitude but in complex conjugate form. In the Standard Model
such parameters only occur in the CKM matrix. These so-called weak phases enter Af
and Af with opposite signs. Another type of phase can arise even when the Lagrangian is
real, from absorptive parts of decay amplitudes. These correspond to on-shell intermediate
states rescattering into the desired final state. Such rescattering is usually dominated by
strong interactions, and give rise to CP conserving strong phases, which enter Af and Af
with the same signs. Thus one can write Af and Af as
Af =
∑
k
Ak e
i(δk+φk) , Af =
∑
k
Ak e
i(δk−φk) , (1.100)
where k label the separate contributions to the amplitudes, Ak are the magnitudes of each
term, δk are the strong phases, and φk are the weak phases. The individual phases δk and
φk are convention dependent, but the phase differences between different terms, δi− δj and
φi − φj , are physical.
Clearly, if |Af/Af | 6= 1 then CP is violated. This is called CP violation in decay,
or direct CP violation. It occurs due to interference between various terms in the decay
amplitude, and requires that at least two terms differ both in their strong and in their weak
phases. The simplest example of this is direct CP violation in charged B decays
Γ(B− → f)− Γ(B+ → f)
Γ(B− → f) + Γ(B+ → f) = −
1− |Af/Af |2
1 + |Af/Af |2
. (1.101)
To extract the interesting weak phases from such CP violating observables, one needs to
know the amplitudes Ak and their strong phases δk. The problem is that theorists do not
know how to compute these from first principles, and most estimates are unreliable. The
only experimental observation of direct CP violation so far is Re ǫ′K in kaon decays.
This type of CP violation can also occur in neutral B decays in conjunction with the
others. In such cases direct CP violation is rarely beneficial, and is typically a source of
hadronic uncertainties that are hard to control.
CP violation in the interference between decay and mixing (λf 6= ±1)
Another type of CP violation is possible in neutral B decay into a CP eigenstate final state,
fCP . If CP is conserved, then not only |q/p| = 1 and |Af/Af | = 1, but the relative phase
between q/p and Af/Af also vanishes. In this case it is convenient to rewrite
λfCP =
q
p
AfCP
AfCP
= ηfCP
q
p
AfCP
AfCP
, (1.102)
where ηfCP = ±1 is the CP eigenvalue of fCP . This form of λfCP is useful for calculations,
because AfCP and AfCP
are related by CP as discussed in the previous subsection. If
λfCP 6= ±1 then CP is violated. This is called CP violation in the interference between
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decays with and without mixing, because it results from the CP violating interference
between B0 → fCP and B0 → B0 → fCP .
As derived in Eq. (1.90), the time dependent asymmetry is
af (t) =
Γ(B0(t)→ f)− Γ(B0(t)→ f)
Γ(B0(t)→ f) + Γ(B0(t)→ f)
= − (1− |λf |
2) cos(∆mt)− 2 Imλf sin(∆mt)
(1 + |λf |2) cosh(∆Γ t/2) − 2Reλf sinh(∆Γ t/2) +O(a) . (1.103)
This asymmetry is non-zero if any type of CP violation occurs. In particular, it is possible
that Imλf 6= 0, but |λf | = 1 to a good approximation, because |q/p| ≃ 1 and |Af/Af | ≃ 1.
In both the Bd and Bs systems |q/p| − 1 <∼ O(10−2). Furthermore, if only one amplitude
contributes to a decay, then |Af/Af | = 1 automatically. These modes are “clean”, because
in such cases Af drops out and
af (t) =
Imλf sin(∆mt)
cosh(∆Γ t/2) −Reλf sinh(∆Γ t/2) , (1.104)
measures Imλf , which is given by a weak phase. In addition, if ∆Γ can be neglected then
af (t) further simplifies to af (t) = Imλf sin(∆mt).
The best known example of this type of CP violation (and also the one where |λf | = 1
holds to a very good accuracy) is the asymmetry in B → ψKS , where ψ denotes any
charmonium state. The decay is dominated by the tree level b→ cc¯s transition and its CP
conjugate. In the phase convention (1.96) one finds
AψKS
AψKS
=
(
VcbV
∗
cs
V ∗cbVcs
)(
VcsV
∗
cd
V ∗csVcd
)
. (1.105)
The overall plus sign arises from (1.96) and because ψKS is CP odd, ηψKS = −1, and the
last factor is (q/p)∗ in K0−K0 mixing. This is crucial, because in the absence of K0−K0
mixing there could be no interference between B0 → ψK0 and B0 → ψK0. There are also
penguin contributions to this decay, which have different weak and strong phases. These are
discussed in detail in Chapter 6, where they are shown to give rise to hadronic uncertainties
suppressed by λ2. Then one finds
λψKS = −
(
V ∗tbVtd
VtbV
∗
td
)(
VcbV
∗
cs
V ∗cbVcs
)(
VcsV
∗
cd
V ∗csVcd
)
= −e−2iβ , (1.106)
where the first factor is the Standard Model value of q/p in Bd mixing. Thus, aψKS(t)
measures ImλψKS = sin 2β cleanly.
Of significant interest are some final states which are not pure CP eigenstates, but have
CP self conjugate particle content and can be decomposed in CP even and odd partial
waves. In some cases an angular analysis can separate the various components, and may
provide theoretically clean information. An example is Bs → ψ φ discussed in Chapters 6
and 8. There are many cases when CP violation in decay occurs in addition to CP violation
Report of the B Physics at the Tevatron Workshop
1.4. ASPECTS OF CP VIOLATION 29
in the interference between mixing and decay. Then the asymmetry in Eq. (1.103) depends
on the ratio of different decay amplitudes and their strong phases, which introduce hadronic
uncertainties. In some cases it is possible to remove (or reduce) these by measuring several
rates related by isospin symmetry. An example is Bd → ρ π (or π π) discussed in Chapter 6.
1.4.2 Decays to non-CP eigenstates
In certain decays to final states which are not CP eigenstates, it is still possible to extract
weak phases model independently from the interference between mixing and decay. This
occurs if both B0 and B0 can decay into a particular final state and its CP conjugate, but
there is only one contribution to each of these decay amplitudes. In this case no assumptions
about hadronic physics are needed, even though |Af/Af | 6= 1 and |Af/Af | 6= 1.
The most important example is Bs → D±s K∓, which allows a model independent deter-
mination of γ [29]. Both B0s and B
0
s can decay to D
+
s K
− and D−s K
+, but the only decay
processes are the tree level b→ cu¯s and b→ uc¯s transitions, and their CP conjugates. One
can easily see that
AD+s K−
AD+s K−
=
A1
A2
(
VcbV
∗
us
V ∗ubVcs
)
,
AD−s K+
AD−s K+
=
A2
A1
(
VubV
∗
cs
V ∗cbVus
)
, (1.107)
where the ratio of amplitudes, A1/A2, includes the strong phases, and is an unknown
complex number of order unity. It is important for the utility of this method that |VcbVus|
and |VubVcs| are comparable in magnitude, since both are of order λ3 in the Wolfenstein
parameterization. Eqs. (1.73) and (1.74) show that measuring the four time dependent
decay rates determine both λD+s K− and λD−s K+. The unknown A1/A2 ratio drops out from
their product
λD+s K− λD−s K+ =
(
V ∗tbVts
VtbV
∗
ts
)2(VcbV ∗us
V ∗ubVcs
)(
VubV
∗
cs
V ∗cbVus
)
= e−2i(γ−2βs−βK) . (1.108)
The first factor is the Standard Model value of q/p in Bs mixing. The angles βs and βK
occur in “squashed” unitarity triangles; βs defined in Eq. (1.41) is of order λ
2 and βK =
arg(−VcsV ∗cd/VusV ∗ud) is of order λ4. Thus, this mode can provide a precise determination
of γ (or γ − 2βs); the determination of βs is discussed in Chapter 6, e.g., from Bs → ψ η(′).
In exact analogy to the above, the Bd → D(∗)±π∓ decays can determine γ + 2β, since
λD+π− λD−π+ = exp [−2i(γ + 2β)]. In this case, however, the two decay amplitudes differ
in magnitude by order λ2, and therefore the CP asymmetries are expected to be much
smaller, at the percent level.
1.4.3 ∆F = 2 vs. ∆F = 1 CP violation
At low energies flavor-changing transitions are described by effective Hamiltonians, which
are discussed in detail in Sec. 1.5.1. Decays are mediated by the ∆F = 1 Hamiltonian
H |∆F |=1, whereas mixing is induced by the ∆F = 2 Hamiltonian. The changing flavor is
Report of the B Physics at the Tevatron Workshop
30 CHAPTER 1. COMMON THEORETICAL ISSUES
F = B for B decays and F = S for K decays. In kaon physics it is customary to distinguish
∆F = 1 CP violation, which is often called direct CP violation, from ∆F = 2 CP violation,
called indirect CP violation. Here we compare this classification with the three types of
CP violation in B decays discussed in Sec. 1.4.1.
If we can find phase transformations of the quark fields in (1.45) which leave the Hamil-
tonian invariant, CP H |∆F |=1(CP )−1 = H |∆F |=1, then we conclude that the |∆F | = 1
interaction conserves CP . Analogously we could define CP violation and CP conservation
in H |∆F |=2, but a B physics experiment probes only one matrix element of H |∆F |=2, namely
M12. One can always find a phase transformation which rendersM12 real and thereby shifts
the CP violation from H |∆F |=2 completely into H |∆F |=1. The converse is not true, since
one can explore the different couplings in H |∆F |=1 by studying different decay modes. This
leaves three scenarios to be experimentally distinguished:
i) With rephasing of the quark fields one can achieve CP H(CP )−1 = H for both
H |∆F |=2 and H |∆F |=1: The theory conserves CP .
ii) One can rephase the quark fields such that CP H |∆F |=1(CP )−1 = H |∆F |=1, but for
this phase transformation CP H |∆F |=2(CP )−1 6= H |∆F |=2. This scenario is called
superweak [30].
iii) CP H |∆F |=1(CP )−1 6= H |∆F |=1 for any phase convention of the quark fields. This
scenario is realized in the CKM mechanism of the Standard Model.
Historically, after the discovery of CP violation in 1964 [31], it was of prime interest to
distinguish the second from the third scenario in kaon physics. The recent establishment of
ǫ′K 6= 0 has shown that possibility iii) is realized in kaon physics.
It is difficult (but possible) to build a viable theory with ǫ′K 6= 0 in which CP violation
in the B system is of the superweak type. Still we can play the rules of the kaon game
and ask, what must be measured to rule out the superweak scenario. Clearly, CP violation
in decay unambiguously proves |∆F | = 1 CP violation. CP violation in mixing purely
measures CP violation in the |∆F | = 2 transition. It measures the relative phase between
M12 and the decay matrix Γ12. Γ12 arises at second order in the |∆F | = 1 interaction, from∑
f A
∗
fAf , where Af and Af are the |∆F | = 1 decay amplitudes introduced in (1.87). M12
receives contributions at first order in H |∆F |=2 and at second order in H |∆F |=1. Interference
type CP violation measures the difference between the mixing phase φM = argM12 and
twice the weak phase φf of some decay amplitude Af . Both types of CP violations are
therefore sensitive to relative phases between H |∆F |=2 and H |∆F |=1. Yet the measurement
of a single CP violating observable of either type is not sufficient to rule out the superweak
scenario, because we can always rephase Γ12 or Af to be real. However, the measurement
of interference type CP violation in two different decay modes with different results would
prove that two weak phases in H |∆F |=1 are different. Since φf1−φf2 is a rephasing invariant
observable, no field transformation in (1.45) can render H |∆F |=1 real and |∆F | = 1 CP
violation is established. Hence for example the measurement of different CP asymmetries in
Bd → J/ψKS and Bd → π+π− is sufficient to rule out the superweak scenario. Interestingly,
ǫ′K contains both of the discussed types of ∆S = 1 CP violation: CP violation in decay and
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the difference of two interference type CP violating phases. Since in both K- and B physics
the dominant decay modes have the same weak phases, essentially no new information
is gained by comparing CP violation in mixing with interference type CP violation in a
dominant decay mode. We will see this in Sec. 1.6 when comparing ǫK with the semileptonic
CP asymmetry in KL decays.
1.5 Theoretical Tools
This section provides a brief review of the tools used to derive theoretical predictions for B
mixing and decays. The theory of b production and fragmentation is discussed in Chapter 9.
The principal aim of B physics is to learn about the short distance dynamics of nature.
Short distance physics couples to b quarks, while experiments detect b-flavored hadrons.
One therefore needs to connect the properties of these hadrons in terms of the underlying b
quark dynamics. Except for a few special cases, this requires an understanding of the long
distance, nonperturbative properties of QCD. It is then useful to separate long distance
physics from short distance using an operator product expansion (OPE) or an effective field
theory. The basic idea is that interactions at higher scales give rise to local operators at
lower scales. This allows us to think about the short distance phenomena responsible for
the flavor structure in nature independent of the complications due to hadronic physics,
which can then be attacked separately. This strategy can lead to very practical results: the
hadronic part of an interesting process may be related by exact or approximate symmetries
to the hadronic part of a less interesting or more easily measured process.
In the description of B decays several short distances arise. CP and flavor violation
stem from the weak scale and, probably, even shorter distances. These scales are separated
from the scale mB with an OPE, leading to an effective Hamiltonian for flavor changing
processes. This is reviewed in Sec. 1.5.1. Furthermore, the b and (to a lesser extent)
the c quark masses are much larger than ΛQCD. In the limit ΛQCD/mQ → 0, the bound
state dynamics simplify. Implications for exclusive processes are discussed in Sec. 1.5.2.
For inclusive decays one can apply an OPE again, the so-called heavy quark expansion,
reviewed in Sec. 1.5.3. Despite the simplifications, these expansions still require hadronic
matrix elements, so we briefly review lattice QCD in Sec. 1.5.4.
1.5.1 Effective Hamiltonians
To predict the decay rate of a B meson into some final state f , one must calculate the
transition amplitudeM for B → f . In general there are many contributions toM, each of
which is, at the quark level, pictorially represented by Feynman diagrams such as those in
Fig. 1.3.
Quark diagrams are a poor description for the decay amplitude of a B meson. The
quarks feel the strong interaction, whose nature changes drastically over the distances at
which it is probed: At short distances much smaller than 1/ΛQCD the strong interaction can
be described perturbatively by dressing the lowest order diagrams in Fig. 1.3 with gluons.
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Figure 1.3: Standard Model W exchange diagram and penguin diagram with
internal top quark for the decay b→ ccd.
When traveling over a distance of order 1/ΛQCD, however, quarks and gluons hadronize
and QCD becomes nonperturbative. Therefore the physics from different length scales, or,
equivalently, from different energy scales must be treated differently. One theoretical tool
for this is the operator product expansion (OPE) [32]. Schematically the decay amplitude
M is expressed as
M = −4GF√
2
VCKM
∑
j
Cj(µ) 〈f |Oj(µ)|B〉
[
1 +O
(
m2b
M2W
)]
, (1.109)
where µ is a renormalization scale. Physics from distances shorter than µ−1 is contained
in the Wilson coefficients Cj , and physics from distances longer than µ
−1 is accounted for
by the hadronic matrix elements 〈f |Oj |B〉 of the local operators Oj . In principle, there
are infinitely many terms in the OPE, but higher dimension operators yield contributions
suppressed by powers of m2b/m
2
W . From a practical point of view, therefore, the sum in
(1.109) ranges over operators of dimension five and six.
All dependence on heavy masses M ≫ µ such as mt, MW or the masses of new undis-
covered heavy particles is contained in Cj. By convention one factors out 4GF /
√
2 and
the CKM factors, which are denoted by VCKM in (1.109). On the other hand, the matrix
element 〈f |Oj |B〉 of the B → f transition contains information from scales, such as ΛQCD,
that are below µ. Therefore, they can only be evaluated using nonperturbative methods
such as lattice calculations (cf., Sec. 1.5.4), QCD sum rules, or by using related processes
to obtain them from experiment.
An important feature of the OPE in (1.109) is the universality of the coefficients Cj ;
they are independent of the external states, i.e., their numerical value is the same for all
final states f in (1.109). Therefore one can view the Cj ’s as effective coupling constants
and the Oj’s as the corresponding interaction vertices. Thus one can introduce the effective
Hamiltonian
H |∆B|=1 =
4GF√
2
VCKM
∑
j
Cj Oj + h.c. (1.110)
An amplitude calculated from H |∆B|=1 defined at a scale of order mb, reproduces the
corresponding Standard Model result up to corrections of order m2b/M
2
W as indicated in
Report of the B Physics at the Tevatron Workshop
1.5. THEORETICAL TOOLS 33
8
b d
u
-
u
Ou1,2
b d
c -c
Oc1,2
b d
q -q
O3-6
b d
O8
b d
O
Figure 1.4: Effective operators of (1.112). There are two types of fermion-gluon
couplings associated with the chromomagnetic operator O8.
(1.109). Hard QCD effects can be included perturbatively in the Wilson coefficients, i.e.,
by calculating Feynman diagrams with quarks and gluons.
The set of operators Oj needed in (1.110) depends on the flavor structure of the physical
process under consideration. Pictorially the operators are obtained by contracting the lines
corresponding to heavy particles in the Feynman diagrams to a point. The tree level diagram
involving the W boson in Fig. 1.3 generates the operator Oc2 shown in Fig. 1.4. In the
Standard Model only two operators occur for b→ cud transitions,
O1 = b¯
α
Lγµc
β
L u¯
β
Lγ
µdαL , O2 = b¯
α
Lγµc
α
L u¯
β
Lγ
µdβL , (1.111)
where α and β are color indices. These arise from W exchange shown in Fig. 1.3, and QCD
corrections to it. Operators and Wilson coefficients at different scales µ1 and µ2 are related
by a renormalization group transformation. C1,2(µ1) is not just a function of C1,2(µ2), but
a linear combination of both C1(µ2) and C2(µ2). This feature is called operator mixing. It
is convenient to introduce the linear combinations O± = (O2 ± O1)/2, which do not mix
with each other. Their coefficients can be more easily calculated and are related to C1 and
C2 by C± = C2 ± C1.
The Hamiltonian for ∆B = 1 and ∆C = ∆S = 0 transitions consists of more operators,
because it must also accommodate for the so-called penguin diagram with an internal top
quark, shown in Fig. 1.3. The corresponding operator basis reads
Oc1 = d¯
α
Lγµc
β
L c¯
β
Lγ
µbαL , O
u
1 = d¯
α
Lγµu
β
L u¯
β
Lγ
µbαL ,
Oc2 = d¯
α
Lγµc
α
L c¯
β
Lγ
µbβL , O
u
2 = d¯
α
Lγµu
α
L u¯
β
Lγ
µbβL ,
O3 =
∑
q=u,d,s,c,b
d¯αLγµb
α
L q¯
β
Lγ
µqβL , O4 =
∑
q=u,d,s,c,b
d¯αLγµb
β
L q¯
β
Lγ
µqαL ,
O5 =
∑
q=u,d,s,c,b
d¯αLγµb
α
L q¯
β
Rγ
µqβR , O6 =
∑
q=u,d,s,c,b
d¯αLγµb
β
L q¯
β
Rγ
µqαR ,
O8 = − g
16π2
mb d¯Lσ
µνGaµνT
abR .
(1.112)
These operators are also depicted in Fig. 1.4. In O8, G
a
µν is the chromomagnetic field
strength tensor. The operators are grouped into classes, based on their origin: O1 and O2
are called current-current operators, O3 through O6 are called four-quark penguin operators,
and O8 is called the chromomagnetic penguin operator.
9
9In the literature one also finds O7 and O8 with the opposite signs. In QCD and QED the sign of the
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The operators in (1.112) arise from the lowest order in the electroweak interaction, i.e.,
diagrams involving a single W bosons plus QCD corrections to it. In some cases, especially
when isospin breaking plays a role, one also needs to consider penguin diagrams which
are of higher order in the electroweak fine structure constant αew. They give rise to the
electroweak penguin operators:
O7 = − e
16π2
mb d¯
α
L σ
µνFµν b
α
R ,
Oew7 =
3
2
∑
q=u,d,s,c,b
eq d¯
α
Lγµb
α
L q¯
β
Rγ
µqβR , O
ew
8 =
3
2
∑
q=u,d,s,c,b
eq d¯
α
Lγµb
β
L q¯
β
Rγ
µqαR ,
Oew9 =
3
2
∑
q=u,d,s,c,b
eq d¯
α
Lγµb
α
L q¯
β
Lγ
µqβL , O
ew
10 =
3
2
∑
q=u,d,s,c,b
eq d¯
α
Lγµb
β
L q¯
β
Lγ
µqαL .
(1.113)
Here Fµν is the electromagnetic field strength tensor, and eq denotes the charge of quark
q. The magnetic (penguin) operator O7 is also of key importance for the radiative decay
b → dγ. Eqs. (1.112) and (1.113) reveal that there is no consensus yet on how to number
the operators consecutively.
For semileptonic decays the following additional operators occur
O9 =
e2
16π2
d¯L γµ bL ℓ¯ γ
µ ℓ , O10 =
e2
16π2
d¯L γµ bL ℓ¯ γ
µγ5 ℓ ,
O11 =
e2
32π2 sin2 θW
d¯L γµ bL ν¯L γ
µ νL ,
(1.114)
and the counterparts of these with d¯L replaced by s¯L.
Hence the ∆B = 1 and ∆C = ∆S = 0 Hamiltonian reads:
H |∆B|=1 =
4GF√
2
{ 2∑
j=1
Cj
(
ξcO
c
j + ξuO
u
j
)
− ξt
11∑
j=3
Cj Oj − ξt
10∑
j=7
Cewj Oj
}
+ h.c. , (1.115)
where
ξq = V
∗
qbVqd . (1.116)
Note that ξu + ξc + ξt = 0 by unitarity of the CKM matrix. The corresponding operator
basis for b → s transitions is obtained by simply exchanging d with s in (1.112), (1.113)
and (1.114) and changing ξi accordingly.
The operators introduced above are sufficient to describe nonleptonic transitions in the
Standard Model to order GF . In extensions of the Standard Model, on the other hand,
the short distance structure can be very different. Additional operators with new Dirac
structures, whose standard Wilson coefficients vanish, could enter the effective Hamiltonian.
A list of these operators, including their RG evolution, can be found in [33].
In general the QCD corrections to the transition amplitude M(B → f) contain large
logarithms such as ln(mb/MW ) which need to be resummed to all orders in αs. The OPE
gauge coupling is convention dependent, and (1.112) is consistent with the values for C8 in Table 1.3, if the
Feynman rule for the quark-gluon coupling is chosen as +ig.
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splits these logarithms as ln(mb/MW ) = ln(µ/MW )− ln(µ/mb). The former term resides in
the Wilson coefficients, the latter logarithm is contained in the matrix element. Such large
logarithms can be summed to all orders by solving renormalization group (RG) equations
for the Cj’s. These RG-improved perturbation series are well-behaved. The minimal way
to include QCD corrections is the leading logarithmic approximation. The corresponding
leading order (LO) Wilson coefficients comprise [αs ln(mb/MW )]
n to all orders n = 0, 1, 2, . . .
in perturbation theory. This approximation has certain conceptual deficits and is too crude
for the precision of the experiments and the accuracy of present day lattice calculations of the
hadronic matrix elements. The next-to-leading order (NLO) results for the Cj’s comprises
in addition terms of order αs [αs ln(mb/MW )]
n, n = 0, 1, 2, . . .. The Wilson coefficients
depend on the unphysical scale µ at which the OPE is performed. Starting from the NLO
the Cj ’s further depend on the renormalization scheme, which is related to the way one
treats divergent loops in Feynman diagrams. In an exact calculation both the scale and
scheme dependence cancels between the coefficients and the matrix elements, but in practice
the calculation of matrix elements with the correct scale and scheme dependence can be a
non-trivial task. The appearance of the scale and scheme dependence in the coefficients is
inevitable. The OPE enforces the short distance physics involving heavy masses like MW
and mt to belong to the Cj’s, while the long distance physics is contained in the matrix
elements. But a constant number can be attributed to either of them. Switching from one
scheme to another or changing the scale µ just shuffles constant terms between the Wilson
coefficients and the matrix elements. There is no unique definition of “scheme independent”
Wilson coefficients.
The numerical values for the renormalization group improved Wilson coefficients can
be found in Table 1.3. The NLO coefficients are listed for two popular schemes, the naive
dimensional regularization (NDR) scheme and the ’t Hooft-Veltman (HV) scheme. These
results have been independently obtained by the Rome and Munich groups [34]. The situ-
ation with C8 is special: To obtain the LO values for C1−6 in Table 1.3 one must calculate
one-loop diagrams. The calculation of C8, however, already involves two-loop diagrams in
the leading order. This implies that even the LO expression for C8 is scheme dependent.
The tabulated value corresponds to the commonly used “effective” coefficient C8 introduced
in [36], which is defined in a scheme independent way. To know the NLO value for C8 one
must calculate three-loop diagrams. The operator basis in (1.112) is badly suited for this
calculation and hence a different one has been used [37]. For the basis in (1.112) the NLO
value for C8 is not known, we therefore leave the corresponding rows open. In Table 1.3
small corrections proportional to αew have been omitted. For the Wilson coefficients of the
electroweak penguin operators in (1.113) and the semileptonic operators in (1.114) we refer
the reader to [35].
We can derive an effective Hamiltonian for the |∆B|=2 transition, which induces B0d−B0d
mixing, just in the same way as discussed above for |∆B|=1. In the Standard Model only
a single operator Q arises:10
H |∆B|=2 =
G2F
4π2
(VtbV
∗
td)
2 C |∆B|=2(mt,MW , µ)Q(µ) + h.c. (1.117)
10Once again in (1.117), new short distance physics can generate Wilson coefficients for additional opera-
tors.
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αs(MZ) scheme µ (GeV) C1 C2 C3 C4 C5 C6 C8
0.112 LO 4.8 −0.229 1.097 0.010 −0.024 0.007 −0.029 −0.146
2.4 −0.325 1.149 0.015 −0.033 0.009 −0.043 −0.161
9.6 −0.155 1.062 0.007 −0.016 0.005 −0.019 −0.133
NDR 4.8 −0.160 1.066 0.011 −0.031 0.008 −0.035
2.4 −0.245 1.110 0.017 −0.043 0.009 −0.052
9.6 −0.093 1.036 0.008 −0.021 0.006 −0.023
HV 4.8 −0.177 0.993 0.009 −0.024 0.007 −0.026
2.4 −0.260 1.020 0.014 −0.033 0.010 −0.038
9.6 −0.111 0.975 0.006 −0.015 0.005 −0.017
0.118 LO 4.8 −0.249 1.108 0.011 −0.026 0.008 −0.031 −0.149
2.4 −0.361 1.169 0.017 −0.036 0.010 −0.048 −0.166
9.6 −0.167 1.067 0.007 −0.018 0.005 −0.020 −0.135
NDR 4.8 −0.174 1.073 0.013 −0.034 0.009 −0.038
2.4 −0.272 1.124 0.020 −0.047 0.010 −0.060
9.6 −0.100 1.039 0.008 −0.024 0.006 −0.025
HV 4.8 −0.192 0.993 0.010 −0.026 0.008 −0.028
2.4 −0.286 1.022 0.016 −0.036 0.011 −0.042
9.6 −0.120 0.972 0.006 −0.017 0.005 −0.018
0.124 LO 4.8 −0.272 1.120 0.012 −0.028 0.008 −0.035 −0.153
2.4 −0.403 1.194 0.019 −0.040 0.011 −0.055 −0.172
9.6 −0.180 1.073 0.008 −0.019 0.006 −0.022 −0.138
NDR 4.8 −0.190 1.082 0.014 −0.037 0.009 −0.043
2.4 −0.303 1.142 0.022 −0.054 0.011 −0.069
9.6 −0.108 1.042 0.009 −0.025 0.007 −0.028
HV 4.8 −0.208 0.993 0.011 −0.028 0.008 −0.031
2.4 −0.316 1.025 0.018 −0.040 0.012 −0.048
9.6 −0.129 0.970 0.007 −0.018 0.006 −0.019
Table 1.3: QCD Wilson coefficients in the leading and next-to-leading order. The
NLO running of αs has been used in both the LO and NLO coefficients. αs(MZ) =
0.112, 0.118, 0.124 implies αs(4.8GeV) = 0.196, 0.216, 0.238. The corresponding
values of the five-flavor QCD scale parameter ΛMS are 159, 226 and 312 MeV. The
dependence on mt(mt), here taken as 168 GeV, is negligible. The NLO coefficients
are listed for the NDR and HV scheme. There are two different conventions for the
HV scheme, here we use the one adopted in [34]. The HV coefficients tabulated
in [35] are related to our CHVj ’s by C
HV
j ([35]) = [1+ 16/3 ·αs(µ)/(4π)]CHVj . Small
QED corrections have been omitted.
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with
Q = dLγνbL dLγ
νbL. (1.118)
The Wilson coefficient is
C |∆B|=2(mt,MW , µ) =M
2
W S
(
m2t
M2W
)
ηB bB(µ) . (1.119)
It contains the Inami-Lim function [38]
S(x) = x
[
1
4
+
9
4
1
1− x −
3
2
1
(1− x)2
]
− 3
2
[
x
1− x
]3
lnx , (1.120)
which is calculated from the box diagram in Fig. 1.2. The coefficients ηB and bB in (1.119)
account for short distance QCD corrections. In the next-to-leading order of QCD one finds
ηB = 0.55 [39]. bB depends on the renormalization scale µ = O(mb), at which the matrix
element 〈B0d |Q|B0d〉 is calculated. bB(µ) equals [αs(µ)]−6/23 in the LO. The µ-dependence
of bB(µ) cancels the µ-dependence of the matrix element to the calculated order. The same
remark applies to the dependence of bB(µ) on the renormalization scheme in which the
calculation is carried out. One parameterizes the hadronic matrix elements as
〈B0|Q(µ)|B0〉 = 2
3
f2Bm
2
B
B̂B
bB(µ)
, (1.121)
so that B̂B is scale and scheme independent. The effective Hamiltonian for B
0
s−B0s mixing
is obtained as usual by replacing d with s in (1.117) and (1.118). The Wilson coefficient in
(1.119) does not depend on the light quark flavor.
1.5.2 Heavy quark effective theory
In hadrons composed of a heavy quark and light degrees of freedom (light quarks, antiquarks,
and gluons), the binding energy, which is of order ΛQCD, is small compared to the heavy
quark mass mQ. In the limit mQ ≫ ΛQCD, the heavy quark acts approximately as a static
color-triplet source,11 and its spin and flavor do not affect the light degrees of freedom. This
is analogous to atomic physics, where isotopes with different nuclei have nearly the same
properties. Thus, the properties of heavy-light hadrons are related by a symmetry, called
heavy quark symmetry (HQS) [40–47]. In practice, only the b and c quarks have masses
large enough for HQS to be useful.12 This results in an SU(2Nh) spin-flavor symmetry,
where Nh = 1 or 2, depending on the problem at hand.
The heavy quark spin-flavor symmetries are helpful for understanding many aspects
of the spectroscopy and decays of heavy hadrons from first principles. For example, in
the infinite mass limit, mass splittings between b-flavored hadrons can be related to those
between charmed hadrons, and many semileptonic and radiative decay form factors can
11For the same reason, heavy quark symmetries also apply to hadrons composed of two heavy and a light
quark, because the color quantum numbers of the two heavy quarks combine to an antitriplet.
12The top quark also satisfies mt ≫ ΛQCD, but it decays before it hadronizes.
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be related to one another. There are corrections to the HQS limit from long distances
and from short distances. The former are suppressed by powers of ΛQCD/mQ. They must
be calculated by nonperturbative methods, but HQS again imposes relations among these
terms. The latter arise from the exchange of hard virtual gluons, so they can be calculated
accurately in a perturbation series in αs(mQ). The heavy quark effective theory (HQET)
provides a convenient framework for treating these effects [45–51]. In leading order the
effective theory reproduces the model independent predictions of HQS, and both series of
symmetry breaking corrections are developed in a systematic, consistent way.
To see how the heavy quark symmetries arise, it is instructive to look at the infinite-
mass limit of the Feynman rules. For momentum p = mQv + k, with v
2 = 1 and k ≪ mQ,
the propagator of a heavy quark becomes
i
p/−mQ =
i(p/+mQ)
p2 −m2Q
=
i(mQv/+ k/+mQ)
2mQ v · k + k2 =
i
v · k
1 + v/
2
+ . . . . (1.122)
As mQ → ∞ it is independent of its mass, and in this way heavy quark flavor symmetry
emerges. In a Feynman diagram, the quark-gluon vertex appears between two propagators
and, hence, for mQ →∞, sandwiched between the projection operator
P+(v) =
1 + v/
2
. (1.123)
Consequently the gamma matrix at the vertex becomes
P+γ
µP+ = v
µ P+ . (1.124)
Thus, both the vertex and the propagator depend on gamma matrices only through P+.
Since P 2+ = P+, all these factors reduce to a single one, and in this way heavy quark spin
symmetry emerges.
The construction of HQET [40] starts by removing the mass-dependent piece of the
momentum operator by a field redefinition. One introduces a field hv(x), which annihilates
a heavy quark with velocity v [47],
hv(x) = e
imQv·x P+(v)Q(x) , (1.125)
where Q(x) denotes the quark field in full QCD. Here the physical interpretation of the
projection operator P+ is that hv represents just the heavy quark (rather than antiquark)
components ofQ. If p is the total momentum of the heavy quark, then the field hv carries the
residual momentum k = p−mQv. Inside a hadron, the residual momentum k ∼ O(ΛQCD).
Since the phase factor in Eq. (1.125) effectively removes the mass of the heavy quark from
the states, it is the mass difference
Λ¯ = mH −mQ , (1.126)
where mH is the hadron mass, that determines the x-dependence of hadronic matrix el-
ements in HQET [51]. It is also this parameter that sets the characteristic scale of the
1/mQ expansion. Because of heavy quark flavor symmetry Λ¯ = mB −mb = mD −mc, and
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because of heavy quark spin symmetry Λ¯ = mB∗ −mb, in both cases up to O(Λ2QCD/mQ)
corrections. Other heavy hadrons, for example heavy-flavored baryons, have a distinct “Λ¯”,
but the flavor symmetry implies mΛb −mb = mΛc −mc, up to O(Λ2QCD/mQ).
The HQET Lagrangian is constructed from the field hv. Including the leading 1/mQ
corrections, it is [45,47,48]
LHQET = h¯v iv ·Dhv + 1
2mQ
[
Okin + Cmag(µ)Omag(µ)
]
+O(1/m2Q) , (1.127)
where Dµ = ∂µ−igsTaAµa is the color SU(3) covariant derivative. The leading term respects
both the spin and flavor symmetries, and reproduces the heavy quark propagator derived
above. The symmetry breaking operators appearing at order 1/mQ are
Okin = h¯v (iD)
2 hv , Omag =
gs
2
h¯v σµν G
µν hv . (1.128)
Here Gµν is the gluon field strength tensor defined by [iDµ, iDν ] = igsG
µν . In the rest
frame of the hadron, Okin describes the kinetic energy resulting from the residual motion of
the heavy quark, whereas Omag corresponds to the chromomagnetic coupling of the heavy
quark spin to the gluon field. While Okin violates only the heavy quark flavor symmetry,
Omag violates the spin symmetry as well.
In the operators of the electroweak Hamiltonian, the QCD field Q must also be replaced
with hv and a series of higher-dimension operators to describe 1/mQ effects. The short
distance behavior can be matched using perturbation theory. The matrix elements of the
HQET operators still cannot be calculated in perturbatively, but HQS restricts their form.
The best known example is in exclusive semileptonic b → c corrections. In B → D(∗)ℓν
and Λb → Λcℓν, let v (v′) be the velocity of the initial (final) heavy-light hadron. HQS
requires that the mesonic decays are described by a set of heavy quark spin- and mass-
independent functions of the kinematic variable w = v · v′. The baryonic decay is described
by another function of w. When v = v′ the symmetry becomes larger—from SU(2)v ×
SU(2)v′ to SU(4)—so there are further restrictions. One is that symmetry limit of the
form factor is completely determined by symmetry (at w = 1). Furthermore, HQS also
requires that the 1/mQ corrections to B → D∗ℓν and Λb → Λcℓν vanish for w = 1.
The utility of HQET is not limited to exclusive decays. Matrix elements of the effective
Lagrangian play an important role in inclusive semileptonic and radiative decays. One
defines
λ1 =
1
2mM
〈M(v)|Okin |M(v)〉 ,
dM λ2 =
1
2mM
〈M(v)|Omag |M(v)〉 , (1.129)
where M denotes a B or B∗ meson, and dM = 3, −1 for B and B∗, respectively. Strictly
speaking, both λ1 and λ2 depend on the renormalization scale µ. For λ1, however, there
is no µ dependence if Okin is renormalized in the MS scheme. For λ2, the µ dependence is
canceled by the coefficient Cmag(µ) in (1.127).
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HQET provides an expansion of the heavy meson masses in terms of the heavy quark
masses,
mB = mb + Λ¯− λ1 + 3λ2
2mb
+ . . . , mB∗ = mb + Λ¯− λ1 − λ2
2mb
+ . . . . (1.130)
Consequently, the value of λ2 is related to the mass splitting between the vector and the
pseudoscalar mesons,
λ2 =
m2B∗ −m2B
4
+O
(
Λ3QCD/mb
)
, (1.131)
taking µ = mb and Cmag(mb) = 1. From the measured B and B
∗ masses one finds λ2(mb) ≃
0.12 GeV2. These formulae will play an important role in the description of both inclusive
and exclusive heavy meson decays in the following chapters.
It was only recognized recently that HQS also yields important simplifications in the
description of heavy-to-light radiative and semileptonic decays in the region of large recoil
(small q2) [52]. In the infinite mass limit, the three form factors which parameterize the
vector and tensor current matrix elements in B → Kℓ+ℓ− are related to a single function
of q2, and the seven form factors which occur in B → K∗ℓ+ℓ− are related to only two
functions of q2. In contrast to the predictions of HQS in the region of small recoil, in this
case it is not known yet how to formulate the subleading corrections suppressed by powers
of ΛQCD/mQ. Nevertheless, these relations play a very important role in Chapter 7, where
they will be discussed in detail.
1.5.3 Heavy quark expansion
In inclusive B decays, when many final states are summed over, certain model independent
formulae can be derived. In this section we examine how the large b quark mass, mb ≫
ΛQCD, allows one to extract reliable information about such decays. In most of the phase
space the energy release, which can be as large as O(mb), is much larger than the typical
scale of hadronic interactions. The large energy release implies a short distance, and we
can use the same tools as before—an operator product expansion [53–55] (though not the
same OPE as in Sec. 1.5.1) and HQET—to separate short and long distances. In this way,
inclusive decay rates can be described with a double series in ΛQCD/mb and αs(mb).
Inclusive decay widths are given by the sum over all final states. Schematically, the
width is given by
Γ ∼
∑
X
〈B|O†|X〉 〈X|O|B〉 . (1.132)
where X is any final state. One can also limit X to Xc or Xu, i.e., to final states with or
without a charmed quark, respectively. From Sec. 1.5.1, we see that inclusive semileptonic
B decays are mediated by operators of the form
Oℓ ∼ q¯LγµbL ℓ¯L1γµℓL2 , (1.133)
and nonleptonic decays are mediated by four-quark operators of the form
Oh ∼ q¯LγµbL q¯L1γµqL2 . (1.134)
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Although these operators are superficially similar, we shall see that they have to be treated
differently, because inOh hard gluons can be exchanged among all four quark fields. We start
by showing in detail how the OPE and HQET are used to describe inclusive semileptonic B
decays. We then explain what restrictions arise for nonleptonic decay rates and lifetimes.
Finally, we treat the width difference in the Bs system, which is of special interest to
Tevatron experiments.
1.5.3.1 Inclusive semileptonic B decays
In semileptonic decays, one may factorize the matrix element of the four-fermion operator
〈Xℓ ν¯ℓ|Oℓ |B〉 = 〈X| q¯ γµPL b |B〉 〈ℓ ν¯ℓ| ℓ¯ γµPL νℓ |0〉 , (1.135)
neglecting electroweak loop corrections. Then the decay rate can be written in the form
d2Γ
dy dq2
∼
∫
d(q · v)Lµν(pℓ, pν¯)W µν(q · v, q2) , (1.136)
where Lµν is the lepton tensor and W
µν is the hadron tensor. The momentum of the
decaying b quark is written as pµb = mbv
µ, qµ = pµℓ + p
µ
ν¯ , and we have introduced the
dimensionless variable y = 2Eℓ/mb. Since the antineutrino is not detected, its energy or,
equivalently, q · v = Eℓ + Eν¯ is integrated over. The lepton tensor Lµρ = 2(pµℓ pρν¯ + pρℓpµν¯ −
gµρpℓ · pν¯ − iεµραβpℓαpν¯β). The hadron tensor W µν contains all strong interaction physics
relevant for the semileptonic decay, and it can be expressed as
W µν =
∑
X
(2π)3 δ4(pB − q − pX) 〈B|J
µ† |X〉 〈X|Jν |B〉
2mB
, (1.137)
where Jµ = q¯ γµPL b.
The optical theorem can be used to relate W µν to the discontinuity across a cut of the
forward scattering matrix element of a time ordered product
T µν = −i
∫
d4x e−iq·x
〈B|T{Jµ†(x)Jν(0)}|B〉
2mB
. (1.138)
To show that
W µν = − 1
π
ImT µν , (1.139)
one inserts a complete set of states between the currents in the two possible time or-
derings in T µν . Using 〈A|J(x)|B〉 = 〈A|J(0)|B〉 ei(pA−pB)·x and the identity θ(x0) =
i/(2π)
∫ +∞
−∞ dω [e
−iωx0/(ω+ iε)], the d4x integration gives (in the B rest frame, so q ·v = q0)
T µν =
∑
Xq
〈B|Jµ† |Xq〉 〈Xq |Jν |B〉
2mB (mB − EX − q0 + iε) (2π)
3 δ3(q + pX)
−
∑
Xq¯bb
〈B|Jν |Xq¯bb〉 〈Xq¯bb|Jµ† |B〉
2mB (EX −mB − q0 − iε) (2π)
3 δ3(q − pX) . (1.140)
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Figure 1.5: OPE diagram for semileptonic and radiative B decays.
Re q ⋅ v
Im q ⋅ v
C
Figure 1.6: The analytic structure of T µν in the q · v plane, with q2 fixed. The
cuts corresponding to B decay (left) and to an unphysical process (right) are both
shown, together with the integration contour for computing the decay rate.
This form shows that, for fixed q2, T µν has cuts in the complex q0 plane corresponding to
physical processes. The first sum in Eq. (1.140) corresponds to B decay shown in Fig. 1.5,
with intermediate states containing a q quark (and arbitrary number of gluons and light
quark-antiquark pairs). It leads to a cut for q0 = q · v < (m2B + q2 −m2Xminq )/2mB , towards
the left in Fig. 1.6. For charmed final states m2Xminq
= m2D and for charmless final states
m2Xminq
= m2π. The second sum in Eq. (1.140) corresponds to an unphysical process with
a q¯ and two b quarks in the intermediate state. It leads to another cut for q0 = q · v >
(m2
Xmin
q¯bb
−m2B − q2)/2mB , towards the right in Fig. 1.6. The imaginary part can be read off
using Im (A+ iε)−1 = −πδ(A), and (1.139) follows immediately, because the kinematics of
the decay process allow only the first sum to contribute.
Because W µν is the discontinuity across the left cut in Fig. 1.6, the integral in (1.136)
can be replaced with a contour integral of LµνT
µν . The two cuts are well separated (unless
mq → 0 and q2 → m2b), so one may deform the contour away from the cuts [56], as shown
in Fig. 1.6. The equivalence of the sum over hadronic states with a contour ranging far
from the physical region is called “global duality”. This procedure is advantageous, because
T µν can be reliably described by an operator product expansion (OPE) far (compared to
ΛQCD) from its singularities in the complex q · v plane [53–55]. One simply replaces the
time ordered product
−i
∫
d4x e−iq·x T{Jµ†(x)Jν(0)} , (1.141)
appearing in Eq. (1.138), with a series of local operators multiplied with Wilson coefficients.
The Wilson coefficients of this OPE can again be evaluated in a perturbation series in
αs(mb). Higher dimension operators in the OPE incorporate higher powers of ΛQCD/mb.
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Unfortunately, the contour C must still approach the cut near the low q · v endpoint
of the integration. Using the OPE directly in the physical region is an assumption called
“local duality”. It introduces an uncertainty to the calculation, which can be argued to be
small. First, in semileptonic and radiative decays the fraction of the contour which has to
be within order ΛQCD from the cut scales as ΛQCD/mb. Second, since the energy release to
the hadronic final state is large compared to ΛQCD, the imaginary part of T
µν is dominated
by multiparticle states, so it is expected to be a smooth function. In the end, the violation
of local duality is believed to be exponentially suppressed in the mQ → ∞ limit, but it is
not well understood how well it works at the scale of the b quark mass. In semileptonic
decay the agreement between the inclusive and exclusive determinations of |Vcb| suggests
that duality violation is at most a few percent. But there is no known relation between the
size of duality violation in semileptonic and nonleptonic B decays [57], or between these
processes and others, such as e+e− → hadrons.
At lowest order in ΛQCD/mb the OPE leads to operators of the form b¯Γb occur, where
Γ is any Dirac matrix. For Γ = γµ or γµγ5 their matrix elements are known to all orders in
ΛQCD/mB
〈B(pB)| b¯ γµb |B(pB)〉 = 2pµB = 2mB vµ ,
〈B(pB)| b¯ γµγ5 b |B(pB)〉 = 0 . (1.142)
by conservation of the b quark number current and parity invariance of strong interactions,
respectively. The matrix elements for other gamma matrices can be related by heavy quark
symmetry to these plus order Λ2QCD/m
2
b corrections. Consequently, at the leading order in
ΛQCD/mb inclusive decay rates are given by the rate for b quark decay, multiplied with a
Wilson coefficient that does not depend on the decaying hadron.
To compute subleading corrections in ΛQCD/mb, it is convenient to use HQET. There are
no order ΛQCD/mb corrections because the matrix element of any gauge invariant dimension-
4 two-quark operator vanishes,
〈B(v)| h¯(b)v iDαΓh(b)v |B(v)〉 = 0 , (1.143)
because contracting the left-hand side by vα gives zero due to the equation of motion
following from (1.127). Thus, the leading nonperturbative corrections to b quark decay
occur at order Λ2QCD/m
2
b . The operators that appear are again Okin and Omag so the same
hadronic elements λ1 and λ2, defined in Eq. (1.129), appear again.
Combining the matrix elements from Eqs. (1.142), (1.143) and (1.129) with the Wilson
coefficients leads to expressions of the form
d2Γ
dy dq2
=
(
b quark
decay
)
×
{
1 +
αs
π
A1 +
α2s
π2
A2 + . . .+
f(λ1, λ2)
m2B
[
1 +O(αs) + . . .
]
+O(Λ3QCD/m3B) + . . .
}
. (1.144)
The differential rate may be integrated to obtain the full rate. The description in (1.144) is
model independent, although λ1 must be determined either from data [58] or from lattice
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Figure 1.7: OPE diagrams for nonleptonic B decays. The left one is the leading
contribution, while the “Pauli interference” diagram on the right corresponds to a
dimension-6 contribution of order 16π2 (Λ3QCD/m
3
B).
QCD [59]. For most quantities of interest the functions f , A1, and the part of A2 propor-
tional to β0, the first coefficient of the β-function, are known. Corrections to the mb →∞
limit are expected to be under control in parts of the B → Xq ℓ ν¯ phase space where several
hadronic final states are allowed (but not required) to contribute with invariant mass and
energy satisfying m2X ≫ m2q + ΛQCDEX .
1.5.3.2 Inclusive nonleptonic B decays
Inclusive nonleptonic decays can also be studied using the OPE, and much of the discussion
in Sec. 1.5.3.1 applies here also. In this case, however, there are no “external” variables,
such as q2 and q · v, since all particles in the final state interact strongly. For this reason,
only the fully integrated inclusive width can be treated with the OPE, term-by-term in the
weak Hamiltonian. For example, the B decay width corresponding to the b→ cu¯d effective
Hamiltonian in (1.110)–(1.111) is given by
Γ =
1
2mB
∑
X
(2π)4 δ4(pB − pX)
∣∣∣〈X(pX )|H |∆B|=1(0) |B(pB)〉∣∣∣2
=
1
2mB
Im 〈B| i
∫
d4xT
{
H |∆B|=1(x)H |∆B|=1(0)
}
|B〉 . (1.145)
Because one has to use the OPE directly in the physical region, the results are more sensitive
to violations of local duality than in the case of semileptonic and radiative decays. The
leading term in the OPE corresponds to the left diagram in Fig. 1.7, whose imaginary part
gives the total nonleptonic width.
The result is again of the form shown in Eq. (1.144). An important new ingredient
at order Λ3QCD/m
3
B are certain contributions due to four-quark operators involving the
spectator quark. They are usually called “weak annihilation”, “W exchange”, and “Pauli
interference” contributions. (The last is sketched on the right in Fig. 1.7). They contain
one less loop than the diagram on the left, so they are enhanced by a relative factor of 16π2.
They are expected to be more important than the dimension-5 contributions proportional
to λ1 and λ2. The matrix elements of the resulting four-quark operators are poorly known.
Such contributions are expected to explain the D± −D0 lifetime difference.
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Figure 1.8: OPE diagram for the Bs width difference.
1.5.3.3 Bs width difference, ∆Γ
Another important application, especially for the Tevatron, is for the Bs width difference.
The off-diagonal element of the width matrix (cf., Sec. 1.3.2) is given by
Γ12 =
1
2mBs
∑
X
(2π)4 δ4(pBs − pX) 〈Bs|H |∆B|=1 |X〉 〈X|H |∆B|=1 |Bs〉
=
1
2mBs
Im 〈Bs| i
∫
d4xT
{
H |∆B|=1(x)H |∆B|=1(0)
}
|Bs〉 . (1.146)
The first line defines Γ12, and the second line can be verified by inserting a complete set of
intermediate states. The corresponding diagram is shown in Fig. 1.8. Γ12 arises from final
states X which are common to both Bs and Bs decay. Therefore, the spectator quark is
involved, and Eq. (1.146) is dominated by the b → cc¯s part of the weak Hamiltonian, O1
and O2 in Eq. (1.112), with the others, O3 through O6, making very small contributions.
Thus, the naive estimate of the Bs width difference is ∆ΓBs/ΓBs = 2 |Γ12| cosφ/ΓBs ∼
16π2(Λ3QCD/m
3
B) ∼ 0.1. In the Bd system the common decay modes of B0 and B0 are sup-
pressed relative to the leading ones by the Cabibbo angle, and therefore the naive estimate
is ∆ΓBd/ΓBd <∼ 1%. See the discussion following (1.63) and Chapter 8 for more details.
1.5.4 Lattice QCD
If one considers the long term goal of “measuring” the Wilson coefficients of the electroweak
Hamiltonian, as outlined elsewhere, then it is clear that it will be important to gain the-
oretical control over hadronic matrix elements. Since QCD is a completely well-defined
quantum field theory, the calculation of hadronic matrix elements should be, in principle,
possible. The main difficulty is that hadronic wavefunctions are sensitive mostly to the long
distances where QCD becomes nonperturbative.
The difficulties of the bound-state problem in QCD led Wilson [60] to formulate gauge
field theory on a discrete spacetime, or lattice. The basic idea starts with the functional
integral for correlation functions in QCD
〈O1 · · ·On〉 = 1
Z
∫ ∏
x,µ
dAµ(x)
∏
x
dψ(x)dψ¯(x)O1 · · ·On e−SQCD (1.147)
where Z is defined so that 〈1〉 = 1. For QCD Aµ is the gluon field, ψ and ψ¯ are the quark
and antiquark fields, and SQCD is the QCD action. The Oi are operators for creating and
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annihilating the hadrons of interest and also terms in the electroweak Hamiltonian. The
continuous spacetime is then replaced with a discrete grid of points, or lattice. Then the
quark variables live on sites; the gluons on links connecting the sites. With quarks on sites
and gluons on links, it is possible to devise lattice actions that respect gauge symmetry. As
in discrete approximations to partial differential equations, derivatives in the Lagrangian
are replaced with difference operators.
The breakthrough of the lattice formulation is that it turns quantum field theory into a
mathematically well-defined problem in statistical mechanics. Condensed matter theorists
and mathematical physicists have devised a variety of methods for tackling such problems,
only one of which is weak-coupling perturbation theory. In the years immediately following
Wilson’s work, many of these tools were tried, for example analytical strong coupling ex-
pansions. The strong coupling limit is especially appealing, because confinement emerges
immediately [61].
Strong coupling is, however, not the whole story. Owing to asymptotic freedom, the
continuum limit of lattice QCD is controlled by weak coupling. Unfortunately, strong
coupling expansions do not converge quickly enough to reach into the weak-coupling regime,
at least with the simple discretizations that have been used till now. Consequently, results
from strong coupling expansions for hadron masses and matrix elements are not close enough
to continuum QCD to apply to particle phenomenology.
Since such analytical methods have not borne out, the tool of choice now is to com-
pute (the discrete version of) Eq. (1.147) numerically via Monte Carlo integration. This
numerical method has, over the years, developed several specialized features, and corre-
sponding jargon, that often make its results impenetrable to non-experts. Moreover, as
with any numerical method, there are several sources of systematic uncertainty. Most of
the systematic effects can, however, be controlled with effective field theories, i.e., with
techniques like those explained in the previous sections. After reviewing the basic elements
of the Monte Carlo method, we cover the systematic effects. First is the so-called quenched
approximation, which is difficult to control, but also not a fundamental limitation. Other
uncertainties, which can be controlled, are reviewed next, emphasizing the role of effective
field theories. It is hoped that in this way non-experts can learn to make simple estimates
of size systematic uncertainties, without repeating all the steps of the numerical analysis.
We end with a comment on the (unsatisfactory) status of computing strong phase shifts for
B decays.
1.5.4.1 Monte Carlo integration
This part of the method is well understood and, these days, rarely leads to controversy. For
completeness, however, we include a short explanation, focusing on the points that limit the
range of applicability of the method. A more thorough treatment aimed at experimenters
can be found in Ref. [62].
The first salient observation is that there are very many variables. Continuum field
theory has uncountably many degrees of freedom. Field theory on an infinite lattice still
has an infinite number of degrees of freedom, but at least countably infinite. (This makes
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the products over x in Eq. (1.147) well-defined.) To keep the number finite (for a computer
with finite memory), one must also introduce a finite spacetime volume. This may seem
alarming, but what one has done is simply to introduce an ultraviolet cutoff (the lattice)
and an infrared cutoff (the finite volume). This is usual in quantum field theory, and field
theoretic techniques can be used to understand how to extract cutoff-free quantities from
numerically calculable cutoff quantities.
Even with a finite lattice, the number of integration variables is large. If one only
demands a volume a few times the size of a hadron and also several grid points within a
hadron’s diameter, one already requires at least, say, 10 points along each direction. In four-
dimensional spacetime this leads to ∼ 32 × 104 gluonic variables. With so many variables,
the only feasible methods are based on Monte Carlo integration. The basic idea of Monte
Carlo integration is simple: generate an ensemble of random variables and approximate the
integrals in Eq. (1.147) by ensemble averages.
Quarks pose special problems, principally because, to implement Fermi statistics, fermi-
onic variables are Grassmann numbers. In all cases of interest, the quark action can be
written
SF =
∑
αβ
ψ¯αMαβψβ , (1.148)
where α and β are multi-indices for (discrete) spacetime, spin and internal quantum num-
bers. The matrix Mαβ is some discretization of the Dirac operator /D + m. Note that it
depends on the gauge field, but one may integrate over the gauge fields after integrating
over the quark fields. Then, because the quark action is a quadratic form, the integral can
be carried out exactly: ∫ ∏
αβ
dψ¯αdψβ e
−ψ¯Mψ = detM. (1.149)
Similarly, products ψαψ¯β in the integrand are replaced with quark propagators [M
−1]αβ .
The computation of M−1 is demanding, and the computation of detM (or, more precisely,
changes in detM as the gauge field is changed) is very demanding.
With the quarks integrated analytically, it is the gluons that are subject to the Monte
Carlo method. The factor with the action is now detMe−S , where S is now just the gluons’
action. Both detM and e−S are the exponential of a number that scales with the spacetime
volume. In Minkowski spacetime the exponent is an imaginary number, so there are wild
fluctuations for moderate changes in the gauge field. On the other hand, in Euclidean
spacetime, with an imaginary time variable, S is real. In that case (assuming detM is
positive definite) one can devise a Monte Carlo with importance sampling, which means that
the random number generator creates gauges field weighted according to detMe−S . Because
importance sampling is essential, only in Euclidean spacetime is lattice QCD numerically
tractable.
Importance sampling works well if detM is positive. For pairs of equal-mass quarks, this
is easy to achieve. As a result, most calculations of detM are for 2 or 4 flavors. Note that
a physically desirable situation with three flavors, with the strange quark’s mass different
from that of two lighter quarks, must either cope with (occasional) non-positive weights, or
find a (new) discretization with detM positive flavor by flavor.
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The choice of imaginary time has an important practical advantage. Consider the two-
point correlation function
C2(t) = 〈0|ΦB(t)Φ†B(0)|0〉, (1.150)
where ΦB is an operator with the quantum numbers of the B meson at rest. Inserting a
complete set of states between B and B†
C2(t) =
∑
n
1
2mn
〈0|ΦB |Bn〉〈Bn|Φ†B |0〉eimnt, (1.151)
where mn is the mass of |Bn〉, the nth radial excitation of the B meson. For real t it would
be difficult to disentangle all these contributions. If, however, t = ix4, with x4 real and
positive, then one has a sum of damped exponentials. For large x4 the lowest-lying state
dominates and
C2(x4) = (2mB)
−1|〈0|ΦB |B〉|2e−mBx4 + · · · , (1.152)
where |B〉 is the lowest-lying state and mB its mass. The omitted terms are exponen-
tially suppressed. It is straightforward to test when the first term dominates a numerically
computed correlation function, and then fit the exponential form to obtain the mass.
This technique for isolating the lowest-lying state is essential also for obtaining hadronic
matrix elements. For B0 −B0 mixing, for example, one must compute the matrix element
〈B0|Q|B0〉, given in Eq. (1.118). One uses a three-point correlation function
CQ(x4, y4) = 〈0|ΦB(x4 + y4)Q(y4)ΦB(0)|0〉, (1.153)
where only the Euclidean times of the operators have been written out. Inserting complete
sets of states and taking x4 and y4 large enough,
CQ(x4, y4) = (2mB)
−1(2mB)
−1〈0|ΦB |B〉〈B|Q|B〉〈B|ΦB |0〉e−mBx4−mBy4 . (1.154)
The amplitude (〈0|ΦB |B〉 = 〈B|ΦB |0〉) and mass (mB = mB) are obtained from C2, leaving
〈B|Q|B〉 to be determined from CQ. Similarly, to obtain amplitudes for B decays to a single
hadron (plus leptons or photons), simply replace one of the ΦB operators with one for the
desired hadron and Q with the desired operator. To compute the purely leptonic decay,
simply replace ΦB in C2 with the charged current.
These methods are conceptually clean and technically feasible for the calculation of
masses and hadronic matrix elements with at most one hadron in the final state. The pro-
cedure for computing correlation functions is as follows. First generate an ensemble of lattice
gluon fields with the appropriate weight. Next form the desired product O1 · · ·On, with
quark variables exactly integrated out to form propagators M−1. Then take the average
over the ensemble. Finally, fit the Euclidean time dependence of Eqs. (1.152) and (1.154).
Note that since the same ensemble is used for many similar correlation functions, the sta-
tistical fluctuations within the ensemble are correlated. This is not a concern, as long as
the correlations are propagated sensibly through the analysis.
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1.5.4.2 Quenched approximation
Any perusal of the literature on lattice QCD quickly comes across something called the
“quenched approximation.” As mentioned above, the factor detM in Eq. (1.149) is difficult
to incorporate. The determinant generates sea quarks inside a hadron. The quenched ap-
proximation replaces detM with 1 and compensates the corresponding omission of the sea
quarks with shifts in the bare couplings. This is analogous to a dielectric approximation
in electromagnetism, and it fails under similar circumstances. In particular, if one is inter-
ested in comparing two quantities that are sensitive to somewhat different energy scales,
one cannot expect the same dielectric shift to suffice. Another name for the quenched ap-
proximation is the “valence” approximation, which makes clearer that the valence quarks
(and gluons) in hadrons are treated fully, and the sea quarks merely modeled.
It is not easy to estimate quantitatively the effect of quenching. For αs [63] and the
quark masses [64] one can compute the short distance contribution to the quenching shift,
but that is only a start. The quenched approximation can be cast as the first term in a
systematic expansion [65], but it is about as difficult to compute the next term as to restore
the fermion determinant. In the context of heavy quark physics one should note that the
CP-PACS [66] and MILC [67] groups now have unquenched calculations of the heavy-light
decay constants fB, fBs , fD, and fDs . Both have results at several lattice spacings, so they
can study the a dependence. Their results are about 10–15% higher than the most mature
estimates from the quenched approximation.
1.5.4.3 Controllable systematic uncertainties
By a controllable systematic uncertainty we mean an uncertainty that can be incrementally
improved in a well-defined way. In lattice QCD they arise from the ultraviolet and infrared
cutoffs, and also from the fact that quark masses are freely adjustable and, for technical
reasons, not always adjusted to their physical values. Because these effects are subject
to theoretical control, the errors they introduce can largely be reduced to a level that is
essentially statistical, given enough computing.
One of the least troublesome systematic effects comes from the finite volume. Finite-
volume effects can be understood separately from lattice-spacing effects with an effective
massive quantum field theory [68]. In some cases adjusting the volume at will is, at least in
principle, a boon, yielding valuable information, such as scattering lengths and resonance
widths.
The computer algorithms for computing the quark propagator M−1 converge more
quickly at masses near that of the strange quark than for lighter masses. Consequently,
the Monte Carlo is run at a sequence of light quark masses typically in the range 0.2ms <∼
mq <∼ ms. (The up and down quark masses are far smaller still and not reached.) The
dependence on mq can be understood and controlled via the chiral Lagrangian [69], another
effective field theory. A recent development is to show in detail how to extract physical
information from results at practical values of the light quark masses [70].
A special difficulty with heavy quarks is the effect of non-zero lattice spacing. The
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bottom and charmed quark masses are large in lattice units. For this reason it is frequently
(but incorrectly) stated that heavy quarks cannot be directly accommodated by a lattice.
From the inception of HQET and NRQCD, these effective field theories have been used
to treat heavy quarks, and more recently it has been shown how to use these tools to
understand the discretization effects of heavy quarks discretized with the original Wilson
formulation [71].
Let us first recall how lattice-spacing effects are controlled for systems of light quarks.
Long ago, Symanzik introduced a local effective Lagrangian (LEL) to describe cutoff ef-
fects [72]. One writes
Llat .= Lcont +
∑
i
asOiKi(a;µ)Oi(µ), (1.155)
where sOi = dimOi − 4. The symbol .= means “has the same (on-shell) matrix elements
as”. For operators such as Q, needed for mixing,
Qlat
.
= Z−1Q (a;µ)Qcont(µ) +
∑
i
asQiCi(a;µ)Qi(µ), (1.156)
where now sQi = dimQi − dimQ. The continuum operators Oi, Qcont, and Qi are defined
in a mass-independent scheme at scale µ. They do not depend on the lattice spacing a.
The coefficients Ki, ZQ, and Ci account for short distance effects, so they do depend on a.
If a is small enough the higher terms can be treated as perturbations. So, the a depen-
dence of 〈B|Qlat|B〉 is
〈B|Qlat|B〉 = Z−1Q 〈B|Qcont|B〉+aKσF 〈B|T Qcont
∫
d4x ψ¯σ ·Fψ|B〉+aC1〈B|Q1|B〉, (1.157)
keeping only contributions of order a. To reduce the unwanted terms one might try to
reduce a greatly, but CPU time goes as a−(5 or 6). It is more effective to use a sequence of
lattice spacings and extrapolate, with Eq. (1.157) as a guide. It is even better to adjust
things so KσF and K1 are O(αℓs) [73] or O(a) [74], which is called Symanzik improvement.
For light hadrons, a combination of improvement and extrapolation is best. Note that
one still has to adjust Qlat so that ZQ = 1. In some cases the needed adjustment can be
made nonpertubatively, even though it is a short distance quantity. When that is possible,
lattice QCD can provide results with no perturbative uncertainty, although perturbative
uncertainty may reenter through the electroweak Hamiltonian.
The Symanzik theory, as usually applied, assumes mqa≪ 1. The bottom and charmed
quarks’ masses in lattice units are at present large: mba ∼ 1–2 and mca about a third of
that. It will not be possible to reduce a enough to make mba ≪ 1 for many, many years.
So, other methods are needed to control the lattice spacing effects of heavy quarks. There
are several alternatives:
1. static approximation [75]
2. lattice NRQCD [76]
3. extrapolation from mQ <∼ mc up to mb
Report of the B Physics at the Tevatron Workshop
1.5. THEORETICAL TOOLS 51
3′. combine 3 with 1
4. normalize systematically to HQET [77]
5. anisotropic lattices with temporal lattice spacing at ≪ a [78]
All but the last use the heavy quark expansion in some way. The first two discretize
continuum HQET; method 1 stops at the leading term, and method 2 carries the heavy
quark expansion out to the desired order. Methods 3 and 3′ keep the heavy quark mass
artificially small and appeal to the 1/mQ expansion to extrapolate back up tomb. Method 4
uses the same lattice action as method 3, but uses the heavy quark expansion to normalize
and improve it. Methods 2 and 4 are able to calculate matrix elements directly at the
b-quark mass. Method 5 has only recently been applied to heavy-light mesons [79], and,
like the other methods, it requires that spatial momenta are much less than mQ.
The methods can be compared and contrasted by describing the lattice theories with
HQET [80]. This is, in a sense, the opposite of discretizing HQET. One writes down a
(continuum) effective Lagrangian
Llat .=
∑
n
C(n)lat (mQa;µ)O(n)HQET(µ), (1.158)
with the operators O
(n)
HQET defined exactly as in Sec. 1.5.2, so they do not depend on mQ
or a. As long as mQ ≫ ΛQCD this description makes sense. There are two short distances,
1/mQ and the lattice spacing a, so the short distance coefficients C(n)lat depend on mQa.
Since all dependence on mQa is isolated into the coefficients, this description shows that
heavy quark lattice artifacts arise only from the mismatch of the C(n)lat and their continuum
analogs C(n)cont.
For methods 1 and 2, Eq. (1.158) is just a Symanzik LEL. For lattice NRQCD we recover
the result that some of the coefficients C(n)lat have power-law divergences as a → 0 [76]. So,
to obtain continuum (NR)QCD, one must add more and more terms to the action. (This is
just a generic feature of effective field theories, namely, that accuracy is improved by adding
more terms, rather than taking the cutoff too high.) The truncation leaves a systematic
error, which, in practice, is usually accounted for conservatively.
Eq. (1.158) is more illuminating for methods 3–5, which use the same actions, but with
different normalization conditions. The lattice quarks are Wilson fermions [71], which have
the same degrees of freedom and heavy quark symmetries as continuum quarks. Thus,
the HQET description is admissible for all mQa. Method 4 matches the coefficients of
Eq. (1.158) term by term to Eq. (1.127), by adjusting the lattice action and operators. In
practice, this is possible only to finite order, so there are errors (C(n)lat −C(n)cont)〈O(n)HQET〉. The
rough size of matrix element here is ΛdimO−4QCD . The coefficients balance the dimensions with
a and 1/mQ. If C(n)lat is matched to C(n)cont in perturbation theory, the difference is of order αℓs.
Method 3 artificially reduces mQa until the mismatch is of order (mQa)
2. This would be
fine if mQa were small enough, but with currently available lattices, mQa is small only
if mQ is reduced until the heavy quark expansion falls apart. In method 5 the temporal
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lattice spacing at is smaller than the spatial lattice spacing. The behavior of the mismatch
C(n)lat − C(n)cont for practical values of mQ and at is still an open question [81].
The non-expert can get a feel for which methods are most appropriate by asking himself
what order in ΛQCD/mb is needed. For zeroth order, method 1 will do. Perhaps the only
quantity where this is sufficiently accurate is the mass of the b quark, where the most
advanced calculation [82] neglects the subleading term λ1/mb in Eq. (1.130). For matrix
elements, the first non-trivial terms are those of Eq. (1.128), so the other methods must
be used. With method 3 one should check that mQ/ΛQCD is large enough; so far, all work
with this method is worrisome in this respect.
Most of the matrix elements that are of interest to B physics will soon be recalculated,
like fB [66,67] and mb [82], with two flavors of sea quarks. It seems, therefore, not useful
tabulate quenched results. One can consult recent reviews focusing on the status of matrix
elements instead [83].
1.5.4.4 Strong phases of nonleptonic decays
In considering CP asymmetries one encounters strong phase shifts. It is therefore interesting
to consider computing them in lattice QCD.
A short summary is that this is still an unsolved problem, at least for inelastic decays,
such as B decays. This does not mean that it is an unsolvable problem, but at this time
numerical lattice calculations are not helpful for computing scattering phases above the
inelastic threshold.
Often an even bleaker picture is painted, based on a superficial understanding a theorem
of Maiani and Testa [84]. The theorem assumes an infinite volume and is, thus, relevant
only to extremely large volumes. In volumes of (2–6 fm)3 it is possible to disentangle
phase information, because the scattering phase shift enters into the finite-volume boundary
conditions of the final-state two-body wave function [85]. This works, however, only in the
kinematic region with two-body final states. This has been worked out explicitly for kaon
decays [86], giving also references to earlier work.
1.6 Constraints from Kaon Physics
There are two strong reasons for the discussion of the neutral kaon system in a report on
B physics. First, for more than 30 years the only observation of CP violation was in the
neutral kaon system. Over these years the formalism used to describe CP violation has
changed, partly because our theoretical understanding of the subject has improved. One
example of this development is the present classification of three, rather than two, types
of CP violation, as explained in Sec. 1.4.1. Second, the Standard Model expresses all CP
violating quantities in terms of the same CKM phase. The consistency of the experiments in
B physics with those in the kaon system therefore provides a stringent test of the Standard
Model. In practice both B and K data are used to overconstrain the unitarity triangle:
the indirect constraints on sin 2β, in particular its sign, rely largely on ǫK . Any future
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inconsistency in the overdetermined unitarity triangle indicates new physics either in the B
or K system or in both.
Sec.1.6.1 describes the neutral kaon system with the modern formalism and makes con-
tact with the formalism traditionally used for kaon physics. To show how kaon measure-
ments shape our expectations for B physics, Sec. 1.6.2 discusses the already measured
CP violating quantities ǫK and ǫ
′
K . In a similar vein, Sec. 1.6.3 deals with the rare decays
K+ → π+νν¯ and KL → π0νν¯, which are the target of new high-precision kaon experiments.
1.6.1 The neutral kaon system
CP violation in K0−K0 mixing was discovered in 1964 [31]. The quantity ǫK , which is
discussed in Sec. 1.6.2, is of key importance to test the CKM mechanism of CP violation,
because new physics enters K and B physics in different ways. We introduce the neutral
kaon system using the same formalism as for the B-meson system as derived in Sec. 1.3 and
translate it to the traditional notation.
The lighter mass eigenstate of the neutral kaon is |KS〉 and the heavier one is |KL〉,
where the subscripts refer to their short and long lifetimes. They are
|KS〉 = p |K0〉+ q |K0〉 = (1 + ǫ) |K
0〉 − (1− ǫ) |K0〉√
2 (1 + |ǫ|2) ,
|KL〉 = p |K0〉 − q |K0〉 = (1 + ǫ) |K
0〉+ (1− ǫ) |K0〉√
2 (1 + |ǫ|2) . (1.159)
The quantity
ǫ =
1 + q/p
1− q/p (1.160)
depends on phase conventions. (The parameter ǫ is not to be confused with the well-known
parameter ǫK , defined in (1.169).)
CP conservation in |∆S| = 2 transitions corresponds to ǫ = 0, in which case |KS〉
and |KL〉 become the CP even and CP odd eigenstates. CP violation in mixing is well-
established from the semileptonic CP asymmetry
δ(ℓ) =
Γ(KL → ℓ+ν π−)− Γ(KL → ℓ−ν¯ π+)
Γ(KL → ℓ+ν π−) + Γ(KL → ℓ−ν¯ π+)
=
1− |q/p|2
1 + |q/p|2 =
2Re ǫ
1 + |ǫ|2 = (3.27 ± 0.12) × 10
−3 . (1.161)
The quoted numerical value is the average for ℓ = e and µ [15]. From (1.161) it is clear that
in the kaon system |q/p| is close to one. In the B systems |q/p| is close to one because the
width difference is smaller than the mass difference. Here, however, they are comparable [15]
∆mK = (0.5301 ± 0.0014) × 1010 s−1, ∆ΓK = (1.1174 ± 0.0010) × 1010 s−1 . (1.162)
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Hence one concludes that |q/p| − 1 is so small, because the relative phase φ between M12
and −Γ12 (cf., (1.62)) is close to zero. Expanding in φ one easily finds from (1.61) that
|M12| = ∆mK
2
+O
(
φ2
)
, |Γ12| = ∆ΓK
2
+O
(
φ2
)
, (1.163a)
q
p
= −e−iφM
[
1− φ ∆ΓK/2
∆mK + i∆ΓK/2
+O
(
φ2
)]
. (1.163b)
Hence (1.163b) and (1.161) allow us to solve for the CP violating phase φ:
φ =
(∆mK)
2 + (∆ΓK/2)
2
∆mK∆ΓK/2
δ(ℓ) + O
(
φ2
)
= (6.6± 0.2) · 10−3 . (1.164)
In the literature on K → ππ decays the following amplitude ratios are introduced:
η+− =
〈π+π−|KL〉
〈π+π−|KS〉 , η00 =
〈π0π0|KL〉
〈π0π0|KS〉 . (1.165)
If CP were conserved, both would vanish. The moduli and phases of η+− and η00 have
been measured to be
|η+−| = (2.285 ± 0.019) · 10−3 , φ+− = 43.5◦ ± 0.6◦ ,
|η00| = (2.275 ± 0.019) · 10−3 , φ00 = 43.4◦ ± 1.0◦ , (1.166)
according to the PDG fit [15]. All three types of CP violation lead to non-zero η+− and
η00. To separate |∆S| = 2 from |∆S| = 1 CP violation one introduces isospin states
|π0π0〉 =
√
1
3
| (ππ)I=0〉 −
√
2
3
| (ππ)I=2〉 ,
|π+π−〉 =
√
2
3
| (ππ)I=0〉+
√
1
3
| (ππ)I=2〉 ,
and isospin amplitudes
AI = 〈(ππ)I |K0〉 , AI = 〈(ππ)I |K0〉 , I = 0, 2 . (1.167)
The strong final state interaction of the two-pion final states is highly constrained by kine-
matics and conservation laws: the CP invariance of the strong interaction forbids a two-pion
state to scatter into a three-pion state and the rescattering into a state with four or more
pions is kinematically forbidden. Furthermore, isospin is an almost exact symmetry of QCD
and forbids the rescattering between the two isospin eigenstates. Hence the final state in-
teraction of the I = 0 and I = 2 states is only elastic and, thus, fully described by two
scattering phases. This feature is known as Watson’s theorem [87]. Hence we can write
AI = |AI |eiΦI eiδI , AI = −|AI |e−iΦI eiδI ,
λI =
q
p
AI
AI
= e−i(2ΦI+φM )
[
1− φ ∆ΓK/2
∆mK + i∆Γ/2
]
+O(φ2) , (1.168)
Report of the B Physics at the Tevatron Workshop
1.6. CONSTRAINTS FROM KAON PHYSICS 55
where the two scattering phases δI are empirically determined to be δ0 ≈ 37◦ and δ2 ≈ −7◦.
Several weak amplitudes (with different CP violating phases) contribute to |AI |eiΦI , but
the presence of a single strong phase allows to write AI as in (1.168), ensuring |AI/AI | = 1.
Therefore, there is no direct CP violation in K → (ππ)I . Note that our definition of A0
and A2 includes both the weak and strong phases, in accordance with the formalism used
in B physics. In the kaon literature the AI ’s are commonly defined without the factors e
iδI .
A simplification arises from the experimental observation that |A0| ≃ 22 |A2|, which is
called ∆I = 1/2 rule. This enhancement of |A0| allows to expand in |A2/A0|. The CP
violating quantity ǫK reads
ǫK =
η00 + 2 η+−
3
=
〈(ππ)I=0|KL〉
〈(ππ)I=0|KS〉
[
1 +O
(
A22
A20
)]
=
1− λ0
1 + λ0
. (1.169)
Hence ǫK is defined in a way that to zeroth and first order in A2/A0 only a single strong
amplitude contributes and therefore CP violation in decay is absent. The I = 0 two-pion
state dominates the KS width ΓS. Thus 〈K0|(ππ)I=0〉〈(ππ)I=0|K0〉 almost saturates Γ12,
so that the phase φM − φ of −Γ12 equals −2Φ0 up to tiny corrections of order A22/A20 and
ΓL/ΓS . This implies that ǫK does not provide any additional information compared to the
semileptonic asymmetry in (1.161). We find from (1.168)
λ0 = 1− i φ ∆mK
∆mK + i∆ΓK
+O
(
φ2,
A22
A20
,
ΓL
ΓS
)
, (1.170)
and (1.169) evaluates to
ǫK =
φ
2
∆mK√
(∆mK)2 + (∆ΓK/2)2
eiφǫ +O
(
φ2,
A22
A20
,
ΓL
ΓS
)
with φǫ = arctan
∆mK
∆ΓK/2
.
(1.171)
From (1.166) one finds the experimental value:
ǫK = e
i (0.97±0.02) π/4 (2.28 ± 0.02) × 10−3 . (1.172)
Therefore (1.171) yields
φ = (6.63 ± 0.06) × 10−3 , (1.173)
in perfect agreement with (1.164). A numerical accident leads to ∆mK ≈ ∆ΓK/2, which
explains why the phase φǫ in (1.171) is so close to π/4.
To first order in φ one finds from (1.169)
ǫK ≃ 1
2
[1− λ0] ≃ 1
2
(
1−
∣∣∣∣qp
∣∣∣∣− i Imλ0) . (1.174)
Therefore Re ǫK measures CP violation in mixing and Im ǫK measures interference type
CP violation.
CP violation in |∆S| = 1 transitions is characterized by
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ǫ′K =
η+− − η00
3
=
ǫK√
2
[〈(ππ)I=2|KL〉
〈(ππ)I=0|KL〉 −
〈(ππ)I=2|KS〉
〈(ππ)I=0|KS〉
] [
1 +O
(
A2
A0
)]
=
A2
A0
1√
2
[
1− λ2
1 + λ0
− (1− λ0)(1 + λ2)
(1 + λ0)2
]
. (1.175)
Next we use
λ2 = λ0 e
2 i (Φ0−Φ2) , (1.176)
and expand to first order in the small phases:
ǫ′K =
1
2
√
2
A2
A0
(λ0 − λ2) +O
(
A22
A20
, φ2 , (Φ0 − Φ2)2
)
=
1√
2
A2
A0
i (Φ2 − Φ0) . (1.177)
A non-vanishing value of ǫ′K implies different CP violating phases in the two isospin am-
plitudes and therefore |∆S| = 1 CP violation. Since experimentally Re ǫ′K > 0, one finds
Φ2 > Φ0. The phase of ǫ
′
K is 90
◦ + δ2 − δ0 ≃ 46◦ and ǫ′K/ǫK is almost real and positive.
Since (1.177) does not depend on q/p, there is no contribution from CP violation in
mixing to ǫ′K . The strong phases drop out in the combination
Im
A0
A2
ǫ′K ≃
1
2
√
2
(Imλ0 − Imλ2) . (1.178)
Since we work to first order in φ, we can set |λI | = 1, and therefore (1.178) purely measures
interference type CP violation. From the definition in (1.175) one further finds that
Re ǫ′K ≃
1
6
(
1−
∣∣∣∣∣Aπ0π0 Aπ+π−Aπ0π0 Aπ+π−
∣∣∣∣∣
)
≃ 1√
2
|A2|
|A0| sin (δ0 − δ2) (Φ2 − Φ0) (1.179)
originates solely from |Af/Af | 6= 1. Hence Re ǫ′K measures CP violation in decay.
Experimentally the quantity |η00/η+−|2 = 1− 6Re ǫ′K/ǫK has been determined. Recent
results are
Re
ǫ′K
ǫK
= (20.7 ± 2.8) × 10−4 (KTeV) [88] ,
Re
ǫ′K
ǫK
= (15.3 ± 2.6) × 10−4 (NA48) [89]. (1.180)
We therefore find from (1.177) that the difference of the CP violating phases is tiny:
Φ2−Φ0 = (1.5± 0.2) · 10−4 (KTeV) , Φ2−Φ0 = (1.1± 0.2) · 10−4 (NA48) . (1.181)
1.6.2 Phenomenology of ǫK and ǫ
′
K
In order to exploit the precise measurement of φ = − argM12/Γ12 from ǫK in (1.173) one
must calculate the phases of
M12 =
1
2mK
〈K0|H |∆S|=2|K0〉 −Disp i
4mK
∫
d4x 〈K0|H |∆S|=1(x)H |∆S|=1(0)|K0〉 .
(1.182)
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and
Γ12 = Abs
i
2mK
∫
d4x 〈K0|H |∆S|=1(x)H |∆S|=1(0)|K0〉 (1.183)
=
1
2mK
∑
f
(2π)4δ4(pK − pf )〈K0|H |∆S|=1|f〉 〈f |H |∆S|=1|K0〉 ≃ 1
2mK
A∗0A0 .
Here Abs denotes the absorptive part of the amplitude. It is calculated by retaining only
the imaginary part of the loop integration while keeping both real and imaginary parts of
complex coupling constants. Analogously, the dispersive part Disp is obtained from the real
part of the loop integral.
The second term in (1.182) shows that, at second order, also the |∆S| = 1 Hamiltonian
contributes to M12. In the B system the corresponding contribution is negligibly small.
The Standard Model |∆S| = 2 Hamiltonian reads
H |∆S|=2 =
G2F
4π2
MW
[
λ∗2c η1 S(xc) + λ
∗2
t η2 S(xt)
+ 2λ∗c λ
∗
t η3 S(xc, xt)
]
bK(µ)QK(µ) + h.c. (1.184)
It involves the |∆S| = 2 operator
QK(µ) = dLγνsL dLγ
νsL . (1.185)
In (1.184) λq = VqdV
∗
qs, xq = m
2
q/M
2
W and S(x) is the Inami-Lim function introduced in
(1.120). The third function S(xc, xt) comes from the box diagram with one charmed and
one top quark. One finds S(xc) ≃ xc, S(xc, xt) ≃ xc(0.6 − lnxc) and S(xt) ≃ 2.4 for
mt ≃ 167GeV in the MS scheme. Short distance QCD corrections are contained in the ηi’s.
In the MS scheme the next-to-leading order results are η1 = 1.4± 0.3, η2 = 0.57± 0.01 and
η3 = 0.47 ± 0.04 [90]. η1 strongly depends on mc and αs, the quoted range corresponds to
mc = 1.3GeV. A common factor of the QCD coefficients is bK(µ), the kaon analogue of
bB(µ) encountered in (1.119). The matrix element of QK is parameterized as
〈K0|QK(µ)|K0〉 = 2
3
f2Km
2
K
B̂K
bK(µ)
, (1.186)
where fK is the kaon decay constant.
CP violation in the kaon system is related to the squashed unitarity triangle with sides
|λu|, |λc| and |λt|. In the limit λt = 0 all CP violation vanishes, thus CP violation is
governed by the small parameter Im (λt/λu). This explains the smallness of the measured
phases in (1.173) and (1.181). This pattern is a feature of the CKM mechanism of CP
violation and need not hold in extensions of the Standard Model. Hence kaon physics
provides a fertile testing ground for non-standard CP violation related to the first two
quark generations.
The presence of the second term in (1.182) impedes the clean calculation of the mixing
phase φM = argM12 in terms of the CKM phases. It constitutes a long distance contri-
bution, which is not proportional to B̂K . Since both terms in (1.182) have different weak
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phases, φM involves the ratio of the two hadronic matrix elements. This is different from the
case in B0−B0 mixing where only one hadronic matrix element contributes in the Standard
Model, which therefore cancels from φM . The long distance |∆S| = 1 piece is hard to cal-
culate and is usually eliminated with the help of the experimental value of ∆mK = 2 |M12|
in (1.162). Then, however, our expression for the mixing phase φM still depends on the
hadronic parameter B̂K .
The phases of both φM and arg Γ12 are close to arg λu, which vanishes in the CKM
phase convention. The dominant corrections to φM stems from the term proportional
to λ∗2t in H
|∆S|=2. For arg Γ12 we need the |∆S| = 1 Hamiltonian, which is obtained
from the |∆B|=1 Hamiltonian in (1.115) by replacing ξu,c,t with λu,c,t and replacing the
b quark field in the operators by an s field. The leading contribution to arg(−Γ12) ≈
−2Φ0, is proportional to Imλt 〈(ππ)I=0|Q6|K0〉/|A0|. The ∆I = 1/2 enhancement of |A0|
suppresses Φ0, which is calculated to Φ0 = O(2 · 10−4) [91]. Hence in the CKM phase
convention arg(−Γ12) contributes roughly 6% to the measured phase φ in (1.173) and one
can approximate φ ≈ φM . After expressing the CKM elements in (1.184) in terms of the
improved Wolfenstein parameters the constraint from the measured value in (1.173) can be
cast in the form [90,92]
5.3× 10−4 = B̂KA2 η
{
[1− ρ+∆(ρ, η)]A2λ4η2 S(xt) + η3S(xc, xt)− η1xc
}
. (1.187)
In the absence of the small term ∆ (ρ, η) = λ2
(
ρ− ρ2 − η2) this equation defines a hyper-
bola in the (ρ, η) plane. The largest uncertainties in (1.187) stem from B̂K and A = |Vcb|/λ2,
which enters the largest term in (1.187) raised to the fourth power. Hence, reducing the
error of |Vcb| improves the ǫK constraint.
It is more difficult to analyze ǫ′K , because the weak phases Φ0 and Φ2 are much harder
to compute than φM . Φ2 is essentially proportional to Imλt 〈(ππ)I=2|Q8 |K0〉/|A2|. The
two matrix elements entering Φ2 − Φ0 are difficult to calculate and numerically tend to
cancel each other. Especially there is a controversy about 〈(ππ)I=0|Q6|K0〉 and the dif-
ferent theoretical estimates can accommodate for both the KTeV and the NA48 result in
(1.181) [91,93]. Even after the experimental discrepancy in (1.180) is resolved, ǫ′K will
not immediately be useful to determine Imλt ≃ A2λ5η. Nevertheless, ǫ′K can be useful to
constrain new physics contributions [94]. For recent overviews on ǫ′K we refer to [95].
1.6.3 K → πνν¯
Rare kaon decays triggered by loop-induced s → d transitions can provide information on
λt and thereby on the shape of the unitarity triangle. Final states with charged leptons are
poorly suited for a clean extraction of this information, because they involve diagrams with
photon-meson couplings. Such diagrams are affected by long distance hadronic effects and
are hard to evaluate. The decays K+ → π+νν and KL → π0νν, however, are theoretically
very clean, with negligible hadronic uncertainties. TheK → π form factors can be extracted
from the well-measured Kℓ3 decays. So far two K
+ → π+νν events have been observed [96],
corresponding to a branching ratio
B(K+ → π+νν) =
(
1.57
+1.75
−0.82
)
× 10−10 . (1.188)
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Experimental proposals at BNL and Fermilab aim at a measurement of K+ → π+νν and
KL → π0νν at the 10% level. The constraint on the improved Wolfenstein parameters (ρ, η)
can be cast in the form [35]
B(K+ → π+νν)
4.57 · 10−11 = A
4X2(xt)
(
1− λ2
) [( η
1− λ2
)2
+ (ρ0 − ρ)2
]
. (1.189)
Here X(xt) ≃ 1.50 comprises the dependence on mt and the NLO short distance QCD
corrections [97]. ρ0 ≈ 1 + 0.27/A2 contains the contribution from the internal charm loop
[97]. The quoted numerical value corresponds to a MS mass of mc = 1.3GeV. The largest
theoretical uncertainty in (1.189), of order 5%, stems from the charm contribution. Further
the fourth power of A introduces a sizable parametric uncertainty. The equation in (1.189)
describes an ellipse in the (ρ, η) plane centered at (ρ0, 0). By inserting typical values for
the Wolfenstein parameters (e.g., λ = 0.22, A = 0.8, ρ = 0.2 and η = 0.4 ) into (1.189) one
finds that (1.188) is compatible with the Standard Model.
In the Standard Model the decay KL → π0νν is CP violating. It measures interference
type CP violation, the associated phase arg λπ0νν is large, of order η/(1 − ρ). This is
in sharp contrast to the small phases we found in (1.173) and (1.181). A measurement of
B(KL → π0νν) establishes arg λπ0νν 6= φ and therefore implies CP violation in the |∆S| = 1
Hamiltonian. This is the same situation as with Im (ǫ′K A0/A2) in (1.178), which also proves
|∆S| = 1 CP violation from the difference of two interference type CP violating phases.
KL → π0νν is even cleaner than K+ → π+νν, because the charm contribution is negligible.
B(KL → π0νν) is proportional to (Imλt)2 ∝ η2 and therefore determines the height of the
unitarity triangle
B(KL → π0νν)
1.91 · 10−10 = A
4X2(xt) η
2
(
1 + λ2
)
. (1.190)
Hence the two discussed branching ratios allow for a precise construction of the unitarity
triangle from kaon physics alone. Moreover the ratio of the two branching ratios is almost
independent of A and mt. It allows for a determination of sin 2β with a similar precision as
from aCP (B → ψKS) [98]. New physics may enter s→ d transitions in a different way than
b → s and b → d transitions. Hence comparing of the unitarity triangles from K physics
and from B physics provides an excellent test of the Standard Model.
1.7 Standard Model Expectations
This section outlines what is known about the CKM matrix at the present time, and what
the pattern of expectations is for some of the most interesting processes in the Standard
Model.
Since most of the existing data apart from sin 2β come from CP conserving measure-
ments, it is convenient to present the constraints on the CKM matrix using the Wolfenstein
parameterization. Magnitudes of CKM matrix elements are simply related to λ, A, ρ¯, and
η¯. The best known of these is λ, the Cabibbo angle, which is known at the 1% level. The
parameter A is determined by |Vcb|, which is known with a 5% error. The uncertainty in ρ¯
and η¯ is significantly larger. The most important constraints come from
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Figure 1.9: The allowed region in the ρ¯− η¯ plane. Also shown are the individual
constraints, and the world average sin 2β. (From Ref. [99].)
• CP violation in K0−K0 mixing described by the ǫK parameter;
• |Vub/Vcb| measured from semileptonic B decays;
• B0−B0 mixing;
• The lower limit on Bs−Bs mixing.
A problem in translating these to constraints on the CKMmatrix is related to theoretical
uncertainties. We follow the point of view adopted in the BaBar book [4] that no confidence
level can be attached to model dependent theory errors. Fig. 1.9 shows the result of such
an analysis from Ref. [99]. Fig. 1.10 shows the same fit on the sin 2α − sin 2β plane. Note
that any value for sin 2α would still be allowed if |Vub| were slightly larger, or if ∆mBs
were slightly smaller than their allowed ranges. Fig. 1.11 shows the allowed range in the
sin 2β − γ plane, and that γ is already constrained.
Some of the uncertainties entering these constraints will be significantly reduced during
Run II. The hadronic matrix elements BK , f
2
Bd
BBd , and f
2
Bs
BBs need to be determined by
unquenched lattice QCD calculations. The theoretical uncertainties in |Vub| and |Vcb| will
also be reduced to the few percent level by unquenched lattice calculations of the exclusive
B0d → π ℓ ν¯ and B0d → D(∗)ℓ ν¯ form factors in the region of phase space where the momen-
tum of the final hadron is small. As discussed in Sec. 1.5.4, these lattice calculations are
straightforward in principle, but a variety of uncertainties must be brought under control.
The uncertainties in these two CKM matrix elements may be reduced in the next few years,
even without recourse to lattice QCD, using inclusive semileptonic decays. The error in
|Vcb| may be reduced to 2–3% with precise determinations of a short distance b quark mass
and by gaining more confidence about the smallness of quark-hadron duality violation. On
a similar timescale the error in |Vub| may be reduced to the 5–10% level [100] by pursuing
several model independent determinations.
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Figure 1.11: The allowed region in the sin 2β − γ plane [99].
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Chapter 2
Common Experimental Issues
R. Kutschke, M. Paulini
2.1 Introduction
This chapter will discuss the experimental issues which underlie B physics at CDF, DØ and
BTeV. Many of these issues also apply to charm physics, which will also be discussed. The
chapter will be painted in fairly broad strokes and the reader is referred to the subsequent
chapters and to the experiments’ own Technical Design Reports (TDR) [1] [2] [3] [4] for
more details on specific experiments.
During Run II, the Fermilab Tevatron will collide counter-rotating proton p and anti-
proton p¯ beams at a center-of-mass energy of 2 TeV. Some other design parameters of the
Tevatron for Run II are summarized in Table 2.1. In rough terms there are three processes
which take place at this energy and which are important to the design of a B physics
experiment. These are the production of bb¯ pairs, the production of cc¯ pairs and all of
the light quark and gluon processes which contribute to the background; the cross-sections
for these processes are summarized in Table 2.2. There are no known processes which
produce a single b or a single b¯ at a significant rate, only processes which produce pairs.
Despite this, one usually talks about b production, not bb¯ production. Similarly, there are
important sources of cc¯ production but not of single c or c¯ production. The theory behind
the production of heavy quark pairs in pp¯ collisions is discussed in chapter 9. There are,
of course, many other interesting processes which occur, including top quark production,
Higgs boson production and perhaps even the production of supersymmetric particles. The
cross-sections for these processes, however, are small enough that they do not have any
impact on how one designs a B physics experiment for the Tevatron.
After a bb¯ pair is produced, it hadronizes to form pairs of b hadrons including B mesons,
such as Bd, Bu, Bs, Bc, and b baryons such as Λb, Ξb, Ωb, Ξbc, Ωcc etc. All of these
states decay weakly, with a significant lifetime and, therefore, with a significant decay
length. Excited states of these b hadrons are also produced, all of which decay strongly or
electromagnetically to one of the weakly decaying b hadrons. A similar picture exists for
the hadronization of cc¯ pairs into hadrons. Therefore the route to all of b and c physics
goes through the weakly decaying states.
One shorthand which will be used in the following is,
σBG = σtot − σcc¯ − σbb¯. (2.1)
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Quantity Value
Center of Mass Energy 2 TeV
Peak Instantaneous Luminosity 2× 1032 cm−2 s−1
Yearly Integrated Luminosity 2 fb−1/year
Time between bunch crossings 396 ns for ≃ 2 years
132 ns afterwards
Luminous region (σx, σy, σz) = (0.003, 0.003, 30.) cm
Table 2.1: Tevatron parameters for Run II. The conversion from peak instanta-
neous luminosity to yearly integrated luminosity assumes that a year consists of 107
useful seconds, as discussed in Section 2.5.
Quantity Value (mb) Comment
σtot ≈ 75 Total hadronic cross-section including
elastic, diffractive and inelastic processes.
σcc¯ ≈ 1 Charm pair production cross-section.
σbb¯ ≈ 0.1 Beauty pair production cross-section.
σBG ≈ 75 The chapter’s short-hand for σtot − σcc¯ − σbb¯.
Table 2.2: Approximate values of the cross-sections which are of interest to a B
physics experiment using pp¯ collisions at a center-of-mass energy of 2 TeV. The
estimate for the total cross-section is from Ref. [5]. The estimate of σbb¯ is discussed
in Section 2.4.
This stands for the “background” cross-section; that is for the total hadronic cross-section
with the cc¯ and bb¯ pieces excluded. The cc¯ piece is treated separately because it is interesting
to study in its own right and because it has a few critical properties which are more like b’s
than background. At our current level of precision, σBG ≃ σtot ≃ 75 mb [5]. This includes
elastic pp¯ scattering, diffractive scattering and inelastic scattering. Because σBG ≃ σtot
many authors are are careless about distinguishing between the two.
Throughout this chapter, the z axis is defined to lie along the beam direction and
quantities such as pT are measured with respect to this axis. The variable ϕ is the azimuth
around the z axis and θ is the polar angle relative to the z axis.
2.2 Separating b and c Hadrons from the Backgrounds
Inspection of Table 2.2 shows that the cross-section for b production is about 1.5 parts in
1000 of the total cross-section. Moreover, many of the B physics processes of interest have
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product branching fractions of 10−6 or smaller.1 Therefore one is often looking for signals
of a few parts per billion of the total cross-section!
The signature which allows one to see this needle in a haystack is the lifetime of the
b quark. The Bd, Bu and Bs mesons each have a lifetime τ of approximately 1.5 ps, or
cτ = 450 µm. When the momentum spectrum of the B mesons is folded in, the mean
decay length of all produced B mesons is on the order of a few mm. Therefore almost all
B mesons decay inside the beam pipe. The resolution on the decay length varies from one
decay mode to another and from one experiment to another but typical values fall in the
range of 50 µm to 100 µm; therefore the B decay vertices will be well resolved and will be
readily separated from the pp¯ interaction vertex. The Bc, the weakly decaying b baryons
and the weakly decaying charmed hadrons have somewhat shorter lifetimes [6], but most of
them have a long enough lifetime that their decay vertices too will also be well separated
from pp¯ interaction vertex.
The myriad background processes, with their much larger cross-sections, do not produce
particles which have this type of decay length signature. This brings us to the magic bullet:
it is the presence of distinct secondary vertices which allows the experiments to extract the
b and c signals from the background.
About 85% of all weakly decaying b hadrons decay into one charmed hadron plus long
lived particles. Long lived particles include pions, kaons, protons, photons, charged leptons
and neutrinos, all of which are stable enough to escape the interaction region and leave
tracks in the detector. Some of these particles, such as the K0S and Λ do decay but their
lifetimes are very long compared to the those of the b and c hadrons.2 About 15% of
weakly decaying b hadrons decay into 2 charmed hadrons, plus long lived particles; the
decay B0 → D∗+D∗− is an example. And about 1% of all weakly decaying b hadrons decay
into only long lived particles; the decay B0 → π+π− is an example. Therefore a typical bb¯
event has 5 distinct vertices, all inside the beam pipe: the primary pp¯ interaction vertex,
the two secondary B decay vertices and the two tertiary c decay vertices. On the other
hand, many of the most interesting decays involve charmless decays of the b and a typical
event containing one of these these decays has 4 vertices inside the beam pipe: the primary
pp¯ vertex, the vertex from the signal charmless b, and the b and c vertices from the other b
(or b¯) produced in the pp¯ interaction.
To be complete, one more detail must be added to the description of typical bb¯ events.
For the running conditions anticipated for Run II, each beam crossing which contains a bb¯
interaction will also contain several background interactions which contain no bb¯ or cc¯ pairs.
This is discussed in more detail in Section 2.5.1. Fig. 2.1 shows a cartoon of a bb¯ event with
one charmless b decay. Throughout this chapter the word “event” should be understood to
include all of the interactions within one beam crossing, both the signal and background
interactions.
1The product branching fraction is defined as the product of all of the branching fractions in a decay
chain. An example of such a decay chain is Bd → J/ψK
0, J/ψ → µ+µ−, K0 → K0S , K
0
S → pi
+pi−. The
branching fraction for the first decay is about 1 × 10−3, but the product of all branching fractions in the
chain is much smaller, about 2× 10−5.
2The one exception is the τ lepton but the branching ratio of b→ cτν is small, (2.6± 0.4)% [6].
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Figure 2.1: A cartoon of an interesting bb¯ event at the Tevatron. In this beam-
crossing the bunches undergo three independent primary interactions. The one in
the middle produces a bb¯ pair plus some other hadrons while the ones to either
side are background interactions. In this event, one b undergoes a charmless decay
while the other decays semileptonically to charm, which decays hadronically to light
hadrons. The cartoon is meant to emphasize the topological properties of an event:
it is not to scale and does not correctly represent the number of tracks in a vertex
or the distribution of track directions.
Similarly, a typical cc¯ interaction has three distinct vertices inside the beam pipe: the
primary vertex plus two secondary vertices, which come from the decay of the two charmed
hadrons. A typical beam crossing which contains a cc¯ interaction will also contain a few
background interactions.
In an event containing a bb¯ or a cc¯ pair, the stable daughters of the b and c hadrons
usually have a large impact parameter with respect to the primary vertex. Because the
beam spot is very narrow, roughly 30 µm in diameter, these tracks will also have a large
rϕ impact parameter with respect to the beam line. A track is said to be detached if the
impact parameter, divided by its error, is large; this definition is used both for 2D and 3D
impact parameters.
While the reconstruction of the full vertex topology of an event is a very powerful tool
to reduce backgrounds, it is often too inefficient or too slow to be useful. In particular
present computing technologies are too slow to allow full exploitation of the topology at
trigger time. However a powerful trigger can be made by looking for the presence of a few
detached tracks. All of CDF, DØ and BTeV have design triggers which make some sort
of detachment requirement, with the sophistication of that requirement changing from one
experiment to the next. BTeV exploits detachment at all trigger levels, including level 1,
while the other experiments introduce detachment cuts only at higher levels. The reader is
referred to chapters 3 to 5 for further details about the triggers of each experiment.
In addition to detachment, there are other properties which can be used to identify
events which contain b quarks. For example, selecting events with one or two leptons of
moderate to high pT is an excellent way to select events containing bb¯ pairs while rejecting
background events. CDF and DØ have successfully used single lepton and di-lepton triggers,
without any detachment requirement, to select events for their Run I B physics program.
All of the Run II detectors plan some sort of lepton triggers, including single high pT leptons,
di-leptons and ψ → µ+µ− triggers. The experiments envisage some, but not all, of these
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triggers also to include detachment information. For example, when evidence of detachment
is present, one can lower pT thresholds and still have an acceptable background suppression.
But when detachment information is ignored, or unavailable, the triggers require higher pT
thresholds. Those triggers which do not include detachment information will provide a
useful sample for calibrating the detachment based triggers.
One of the limitations of Run I was that the experiments could only trigger on b events
with leptons in the final state. For Run II and beyond, both CDF and BTeV have triggers
which rely only on detachment and which are capable of triggering all hadronic final states.
The development of triggers which rely only on detachment is one of the major advances
since Run I.
Because of their topological similarities to bb¯ events, some cc¯ events will also pass these
triggers. Charm events, however, have properties which are intermediate to the b events and
the background events: their decay lengths are shorter, their impact parameters smaller and
their stable daughters have both a softer momentum spectrum and a softer pT spectrum.
Therefore the cuts which reduce the background to an acceptable level are much less efficient
for cc¯ events than they are for bb¯ events. The CDF and DØ experiments do not expect
that significant cc¯ samples will pass their trigger and have not discussed a charm physics
program. They can, of course, do some charm physics with the charm which is produced
via B decay. BTeV, on the other hand, expects that a significant fraction of the events
which pass their trigger, will contain cc¯ events and they plan a charm physics program to
exploit that data.
In summary, the long lifetimes of the weakly decaying b and c hadrons are the magic
bullet which allow the b and c physics to be extracted from the background. At trigger time
minimal cuts will be made on detachment and the offline analyses will make more complete
use of the topological information. Various lepton based triggers, some with detachment
requirements and some without, will form a second set of triggers.
2.3 Sources of Backgrounds
The most pernicious backgrounds are those which peak in the signal region and which
can fake signals. One example of this is a true B0 → K+π− being misreconstructed as a
B0 → π+π− decay; this results in a peak which is almost at the correct mass, with almost
the correct width. This sort of problem is very mode specific and will be discussed, as
needed, in the working group chapters.
A second class of backgrounds is combinatoric background within true bb¯ and cc¯ events,
events which have the correct topological properties to pass the trigger. Suppose that
one is looking for the decay, B0 → D−π+ followed by D− → K+π−π−. All bb¯ and cc¯
events which produce a reconstructed D− → K+π−π− candidate have potential to produce
background. If another track, perhaps from the main vertex, forms a good vertex with the
D− candidate this will be considered, incorrectly, as a B candidate. This sort of background
will not peak near the B mass but it will produce background entries throughout the
D−π+ mass plot, thereby diluting the signal. This sort of background can be reduced by
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demanding that tracks which participate in a B candidate be inconsistent with the primary
vertex. In addition, improved vertexing precision will reduce the number of random D−π+
combinations which form a vertex with an acceptable χ2.
There are many other background sources of secondary vertices and detached tracks:
strange particles, interactions of particles with the detector material, misreconstructed
tracks, multiple interactions per beam crossing, and mis-reconstructed vertices. While none
of these backgrounds can create fake mass peaks at the B mass, they can dilute signals and
they can overwhelm a poorly designed trigger.
At first thought one might summarily dismiss the strange hadrons as a source of back-
ground. After all, they typically have lifetimes 100 to 1000 times longer than those of the
b hadrons; so only a small fraction will decay inside the beam pipe with a decay length
typical of that for B decay. However they are produced about a few thousand times more
frequently, a few per background interaction. Moreover the most probable decay time of
an exponential distribution is zero, so some of the strange hadrons will have decay lengths
of a few mm. There is a powerful countermeasure against most of the strange particle
background: the trigger must ignore tracks with an impact parameter which is too large.
One might worry that the contradictory requirements of a large detachment but a small
impact parameter might leave no window to accept the physics. The answer is clear if one
recalls the definition of detachment, an impact parameter divided by its error: make the
error small. In practice the detectors have sufficiently good resolution that this background
is reduced to acceptable level.
The strange hadrons have masses much less than the those of the b hadrons; therefore,
an isolated decay of a strange particle is unlikely to be confused for a b decay. If however,
another track, or tracks, pass close enough to the strange particle decay vertex that the
reconstruction code incorrectly assigns that track to that strange particle’s decay vertex,
the combination can contribute combinatorial background beneath a B signal. This sort of
background can be reduced by building a vertex detector with sufficiently high precision.
Another source of background comes from the interaction of the tracks with the detector
and support materials. Photons can pair convert and hadrons can undergo inelastic colli-
sions. There may be several of these secondary interactions for each primary pp¯ interaction.
Again, this sort of background can be suppressed, at the trigger level, by excluding tracks
with too much detachment. And, in the offline analysis, one can exclude vertices which
occur in the detector material. Having excellent resolution on vertex position is again the
secret to background reduction.
Other sorts of interaction with the detector material includes Rutherford scattering
and the tails of multiple Coulomb scattering. At the trigger level, the way to deal with
these tracks is to make sure that the detachment cuts are large enough. At the offline
reconstruction level, these tracks can often be rejected by cutting on the confidence level of
the track fit.
Mis-reconstructed tracks are tracks which have incorrect hit assignments. The most
direct way to deal with this problem is to ensure a sufficiently small occupancy in the
detectors. For example, the upper limit for the long dimension of the BTeV pixels is set
by such a study — if the pixels are too long then the two track separation degrades and
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errors in pattern recognition result. This, in turn, creates false detached tracks. In the
offline analysis, one can also reject mis-reconstructed tracks on the basis of a bad track fit
confidence level.
Multiple interactions in one beam crossing are another source of background. Consider
the case that two background interactions occur in the same beam crossing. In this case
there are two chances that a background interaction might trigger the detector. But there
is the additional complication that the trigger might fire based on some information from
one vertex and some information from the other vertex. This last problem can be reduced
by doing 3D vertexing in the trigger.
At the Tevatron the luminous region has a length of σz ≈ 30 cm so it is reasonable
to expect the triggers to behave acceptably with a few background interactions per beam
crossing; most of the time the interactions will be well separated. When testing trigger
algorithms it is important to measure how the trigger degrades with an increasing number
of interactions per crossing. The trigger performance should degrade smoothly, without
sudden drops.
The last background class is misreconstructed vertices, which includes both errors made
when all of the tracks are well measured but also errors made when one of the tracks suffers
from one of the diseases mentioned above. The solution is to ensure sufficient tracking
precision that fake track rates are small and sufficient vertex precision that the rates for
accidental vertices are small.
The above discussion has presented a number of factors which bound the detachment
required at the trigger level from below and which bound impact parameter cuts from
above. Using detailed simulations of their detector response, the experiments have shown
that their proposed triggers will reduce these backgrounds to an acceptable level and that
their detectors have enough rejection power to obtain an acceptable signal-to-background
ratio during offline analysis. The common thread running through the discussion is that
improved vertex resolution reduces every one of these backgrounds.
2.4 Basics of b Production Physics
At a pp¯ collider, it is usually most convenient to describe particle production in terms of
three variables, pT , y and ϕ, where pT is the transverse momentum of the particle with
respect to the beam line, ϕ is the azimuth around the beam line and where the rapidity, y,
is a measure of the polar angle, θ, relative to the beam line,
y =
1
2
ln
(
E + P‖
E − P‖
)
. (2.2)
For historical reasons people sometimes work in units of pseudo-rapidity, η, instead of y,
η = − ln (tan θ/2) . (2.3)
For massless particles η = y and for highly relativistic particles η approaches y. The utility
of the variable η can be seen in Fig. 2.2, which shows the prediction of the PYTHIA Monte
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Figure 2.2: The production cross-section of B mesons vs η. The plot is from the
PYTHIA event generator and does not contain detector effects. The horizontal lines
show the regions of η which are covered by the three detectors. CDF and DØ do
not cover all regions of η with equally quality; the barrel region, in which they make
their best measurements covers approximately |η| < 1.0.
Carlo event generator for the production of b flavored hadrons as a function of η. The
production is approximately flat in the central η region, falling off at large |η|, a general
feature of particle production in hadronic collisions. The figure also shows the regions of η
which are covered by the three detectors.
During Run I, both CDF and DØ studied the production of b quarks in pp¯ collisions at
a center-of-mass energy of 1.8 TeV. Both CDF and DØ have studied the central rapidity
region |η| < 1 and DØ has also studied the forward region, 2.4 < y < 3.2. The data of DØ
are shown in Fig. 2.3. Both CDF and DØ find that the bb¯ production cross-section in the
central region is underestimated by the Mangano, Nason and Ridolfi (MNR) next-to-leading
order QCD calculation [7] by a factor of more than two. The DØ data in the higher yµ
region is 3.6 ± 0.8 times higher than the QCD calculation.
When predicting their sensitivities for physics at Run II, CDF and DØ normalize their
predictions to the cross-sections which they measured in Run I. Not only does BTeV not
have previous data, there are no experimental data at all over much of the range of the BTeV
acceptance, 1.9 ≤ |η| ≤ 4.5. Instead BTeV uses the following procedure. When integrated
over η and pT , the QCD predictions shown in Fig. 2.3 predict a total bb¯ production cross-
section of 50 µb. Since all of the experimental data is more than a factor of two above the
theoretical calculations, BTeV estimates the total cross-section to be 100µb. BTeV then
uses the predictions of PYTHIA to describe how the cross-section is distributed over pT , η, ϕ.
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Figure 2.3: The cross-section for muons from b-decay as a function of the rapidity
the of muon, yµ, measured by DØ . The solid curve is the prediction of the next-to-
leading order QCD calculation for a b-quark mass of 4.75 GeV. The dashed curves
represent the estimated theoretical 1σ error band.
Within regions of phase space covered by CDF and DØ PYTHIA has done a good job of
describing the most important experimental correlations.
Other properties of bb¯ production are illustrated in Fig. 2.4 through 2.6. Fig. 2.4 shows,
for B mesons, the prediction of the PYTHIA event generator for the cross-section as a function
of βγ vs η. The figure shows that the bulk of the cross-section is concentrated in the central
region and that forward going B mesons have a much higher momentum than do B mesons
produced in the central region. This implies that in the forward region a greater fraction of
the cross-section has long decay lengths, while in the central region there are more events
to start with. The implications of this tradeoff will be discussed further in Section 2.8.1.
Fig. 2.5 illustrates another of the the properties of bb¯ production, that b hadron and
the b¯ hadron have an RMS separation of about one unit of η. The figure was made using
generator level tracks from the PYTHIA event generator and shows the cross-section as a
function of the polar angle of one B vs the polar angle of the other B. In a two-arm
forward detector, such as BTeV, if one B is produced in a particular arm, then the other
B is highly likely to be produced in the same arm. This is important for measurements
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B hadrons at the Tevatron
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Figure 2.4: The production cross-section for B mesons as a function of βγ and η
plane. The plot is from the PYTHIA event generator and does not contain detector
effects.
which make use of opposite side tagging (see Section 2.6). The choice of axes for this figure,
θ rather than η, exaggerates this effect. Some other consequences of this distribution are
discussed in Section 2.8.1.
Fig. 2.6 shows the azimuthal correlation between a b and its b¯ partner. The data are
for DØ events in which two muons are reconstructed, both consistent with coming from the
decay of a b hadron. The horizontal axis is δϕ, the difference in azimuth between the two
muons. Since the selection criteria imply that the two B’s have a significant momentum,
the muons tend to follow the B direction. Therefore δϕ is a measure of the difference
in azimuth between the two b hadrons in the event. The band shows the prediction of
MNR [7]. The b hadrons are preferentially produced back to back in azimuth and the gross
shape is reproduced well by the model. It has already been noted that the MNR prediction
underestimates the cross-section.
While the production of bb¯ pairs is well described by perturbative QCD and knowledge
of the structure functions of the proton, the hadronization, or fragmentation, of these quarks
into the final state hadrons is described by models. These models are usually realized as
computer codes for event generators, the most commonly used being PYTHIA [8], ISAJET [9]
and HERWIG [10]. One of the properties which must be input to the event generators is the
fraction of time that the b quark fragments into each of the allowed hadrons, B−, B¯0, B¯s,
B−c or one of the b baryons. A recent measurement from CDF [11] gives, fu : fd : fs : fbaryon
= 0.375 ± 0.023 : 0.375 ± 0.023 : 0.160 ± 0.044 : 0.090 ± 0.029, with the assumption that
fu = fd. If they release this assumption they obtain, fd/fu = 0.84 ± 0.16. It is generally
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Figure 2.5: The production angle (in degrees) for the hadron containing a b quark
plotted versus the production angle for a hadron containing b¯ quark. The plot is
from the PYTHIA event generator and does not contain detector effects. One must
be careful interpreting this plot since the natural axes are η, not θ.
Figure 2.6: The differential δϕ cross-sections for pµT > 9 GeV/c, |ηµ| <0.6, Eb¯T >10
GeV,
∣∣ηb¯∣∣ < 1.5 compared with theoretical predictions. The data points have a
common systematic uncertainty of ±9.5%. The uncertainty in the theory curve
arises from the error on the muonic branching fraction and the uncertainty in the
fragmentation model.
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1. The mechanisms which produce heavy flavors produce bb¯ pairs but not single b or b¯
quarks. Similarly for charm production.
2. The cross-section for bb¯ production, integrated over all η and pT , is about 100 µb and
that for cc¯ production is about 1 mb.
3. The bb¯ cross-section is approximately flat in η over the central region, and falls off at
large |η|. See figure 2.2.
4. b hadrons produced in the forward region have a higher momentum than those pro-
duced in the central region. See figure 2.4.
5. The pair of b hadrons from one bb¯ pair are approximately approximately back to back
in ϕ and have an RMS separation in η of about one unit of η.
6. The production ratio of Bu : Bd : Bs :baryons is, fu : fd : fs : fbaryon = 0.375± 0.023 :
0.375 ± 0.023 : 0.160 ± 0.044 : 0.090 ± 0.029 [11].
Table 2.3: Summary of the important properties of bb¯ production.
presumed that, except for threshold effects, the fragmentation process is independent of
the production process and is roughly independent of energy. For comparison the same
production fractions measured at LEP and SLD are [12], fu : fd : fs : fbaryon = 0.401±0.010 :
0.401±0.010 : 0.100±0.012 : 0.099±0.017. In both of these measurements, the production
of Bc mesons is too small to be significant. In the standard event generators the choice
of hadron species for the b quark is independent of the choice of hadron species for the
b¯ quark. This cannot be exactly true since there is presumably some production via the
Υ(4S) resonance, which decays only to B0B
0
or B+B−. Moreover the B0B
0
production
from the Υ(4S) is coherent. While it is likely that these effects do occur, they can be safely
ignored for purposes of this workshop. If there is enough resonant production to affect the
physics results, the amount of such production can be easily measured with the Run II data.
The major points of this section are summarized in Table 2.3.
2.5 Production Rates and Interactions Per Crossing
The design value for the peak instantaneous luminosity during Run II is 2× 1032 cm−2 s−1.
This specifies the luminosity at the start of a fill, when the beam intensities are greatest. As
a fill progresses the instantaneous luminosity will drop. Also there will be shutdowns, both
planned and unplanned, throughout the running period. The rule of thumb for converting
the peak instantaneous luminosity to the yearly integrated luminosity is to assume that a
year contains 107 seconds of running at the peak instantaneous luminosity. This is about
one third of the actual number of seconds in a year, which accounts both for the drop in
luminosity as a fill progresses and for a normal amount of down-time. Therefore a peak
instantaneous luminosity of 2× 1032 cm−2 s−1 corresponds to 2 fb−1/year.
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Rate bb¯ cc¯ Total
Interactions/s 2× 104 2× 105 1.5 × 107
Interactions/year 2× 1011 2× 1012 1.5× 1014
Interactions/crossing @ 396 ns 0.008 0.08 6
Interactions/crossing @ 132 ns 0.003 0.03 2
Table 2.4: Summary of production rates for bb¯ pairs, cc¯ pairs and total interactions
for the design peak luminosity of the Tevatron during Run II, 2 × 1032 cm−2 s−1
(2 fb−1/year). The interactions per bunch crossing are given twice, once for the
bunch structure planned for early in Run II, 396 ns between bunch crossings, and
once for the bunch structure planned for later in Run II, 132 ns between bunch
crossings.
Given σbb¯ = 100 µb from Table 2.2, the above luminosities imply bb¯ yield of 20,000/s
or 2 × 1011/year, about 3 to 4 orders of magnitude larger than the projected yields at the
e+e− B factories.
Given σtot = 75 mb, from Table 2.2, a luminosity of 2 × 1032 cm−2 s−1 implies a total
interaction rate of 1.5×107/s. During the first few years of Run II the bunch structure of the
Tevatron will be 396 ns between bunch crossings. At the design luminosity this would corre-
spond to about 6 interactions per crossing but it is not expected that the design luminosity
will be achieved this early in the run. After the first few years of Run II the bunch structure
of the Tevatron will be changed to have 132 ns between bunch crossings. The purpose of
this change is to allow an increase in luminosity while reducing the number interactions per
beam crossing. At 132 ns between bunches, the design luminosity corresponds to about 2
interactions per bunch crossing.
The above discussion, along with the corresponding numbers for cc¯ production, is sum-
marized in Table 2.4.
The presence of multiple background interactions has many consequences for the design
of the detector. It was already mentioned that the trigger must be robust against multiple
background interactions in one beam crossing. The presence of multiple interactions must
also be considered when designing the granularity of detectors to ensure that the occupancy
is acceptably low.
2.5.1 The Distribution of Interactions Per Crossing
To a good approximation, if there are multiple interactions in one beam crossing, they
are statistically independent of each other. This is not strictly true because, once the
first interaction takes place, there are fewer beam particles left to participate in future
interactions. However, in the limit that the number of particles per bunch is much larger
than the number of interactions per crossing, each interaction can be treated as independent
of all others.
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Each of these independent interactions has some probability to produce a signal interac-
tion and some probability to produce a background interaction. There are two, equivalent
ways of looking at the distribution of signal and background interactions among the multiple
interactions in one event. These equivalent ways are related to each other by the following
identity. Given two independent Poisson processes, signal and background for example, the
probability to observe n1 interactions from the first process and n2 interactions from the
second process is,
P (n1, n2) =
(µ1)
n1
n1!
e−µ1
(µ2)
n2
n2!
e−µ2
=
[
µn
n!
e−µ
] [
fn1(1− f)n−n1 n!
n1!(n − n1)!
]
, (2.4)
where f = µ1/µ and µ = µ1+µ2. The first factor in [] is the Poisson probability to observe
n = n1 + n2 interactions in total, while the second factor in [] is the binomial probability
that the n interactions are split into n1 from the first process and n − n1 from the second
process.
One can also show the general case, that the sum of M independent Poisson processes
is itself a Poisson process with a mean µ = µ1 + µ2 + . . . + µM . In the general case, the
factor multiplying the overall Poisson distribution will be a multinomial distribution, with
the M − 1 independent parameters, µ1/µ, µ2/µ, . . .µM−1/µ.
The two equivalent descriptions are: first, one can say that the total number of inter-
actions within a beam crossing is Poisson distributed with a mean of µ and that within
each beam crossing the interactions are distributed among the possible types according to a
multinomial distribution. Second, one can say that there are M independent pieces to the
cross-section and that each piece contributes to each beam crossing a Poisson distributed
number of interactions with mean µM .
This second description is less well known but it allows one to more easily answer
the following question: describe a typical beam crossing which produces a bb¯ pair. For
definiteness, consider the numbers summarized in Table 2.4 for the case of 132 ns bunch
spacing; µbb¯ = 0.003, µcc¯ = 0.03, and µBG = 2.0 . Clearly most beam crossings will
contain no bb¯ pairs. An event which contains a typical bb¯ pair will contain exactly one such
pair and it will be accompanied by a Poisson distributed number of cc¯ interactions with a
mean of 0.03 interactions per crossing and by a Poisson distributed number of background
interactions with a mean of 2.0 interactions per crossing.
2.6 Flavor Tagging
One of the main B physics goals of all three experimental programs is to make precision
measurements of mixing mediated CP violating effects, some of which are discussed in
chapter 6 of this report. Also, xs has yet to be measured and that is interesting to measure
in its own right. In order to perform any mixing related study it is necessary to know
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whether a particular meson was produced as a B0(Bs) or as a B¯
0(B¯s). Making such a
determination is called flavor tagging the B meson.3
Every tagging method sometimes produces the wrong answer and the effectiveness of
flavor tagging is characterized by an effective tagging efficiency ǫD2, where ǫ = (NR +
NW )/N , D = (NR − NW )/(NR + NW ), N is the number of reconstructed signal events
before tagging, NR the number of right flavor tags, and where NW is the number of wrong
flavor tags. Another useful expression is D = (1 − 2w) where w = NW /(NR +NW ) is the
fraction of wrong sign tags; from this expression it is clear that the tagging power goes to
zero when the wrong sign tag fraction reaches 50%. Maximizing ǫD2 is critical to the design
of every experiment.
The quantity D is known as the dilution. This choice of nomenclature has the anti-
intuitive result that a large dilution is good while a small dilution is bad. Never-the-less it
is the standard nomenclature.
Tagging algorithms can be broken down into two classes, away side tagging and same
side tagging. In away side tagging, or opposite side tagging, one looks at some property
of the other b hadron in the event to determine its b quantum number. Since b quarks
are produced as bb¯ pairs, one can infer the flavor of the signal B meson. In same side
tagging one uses the correlations which exist between the signal B meson and the charge of
nearby tracks produced either in the fragmentation chain or in the decay of B∗∗ resonances.
For tagging B0 mesons the correlation is with a charged pion, while for Bs mesons the
correlation is with a charged kaon.
2.6.1 Away Side Tagging
The perfect away side tag would be to fully reconstruct the other b hadron in the event and
to discover that it is a B− or a Λb, neither of which undergoes flavor mixing. In this case
one knows that the other b hadron contains a b quark and that the signal B meson must
have been born with a b¯ quark. So the signal B is tagged as being born as a B0 or as a Bs.
In practice the efficiency for reconstructing a complete b hadron on the away side is much
too small to be useful. Instead one looks for inclusive properties of b hadrons which are
different from those of b¯ hadrons. Four such properties have been explored: lepton tagging,
kaon tagging, jet charge tagging and vertex charge tagging.
Lepton tagging exploits the sign of the lepton in the decays b → Xℓ− compared to
b¯→ Xℓ+, where ℓ is either an electron or a muon. The branching fractions for these decays
is roughly 10% into each of the e and µ channels. There is some dilution in this tag from the
decay chain b → c → Xℓ+ compared to b¯ → c¯ → Xℓ−. However the two different sources
of leptons have different kinematic properties and different vertex topology properties. So
good separation between these two sources of leptons can be achieved. Another factor causes
3There is another, and very different concept called b tagging. If a lepton is part of a jet, and if the pT of
the lepton with respect to the jet axis is sufficiently large, then that lepton is most probably from the decay
of a b quark within the jet. A sample of jets containing such a lepton will be heavily enriched in b jets. This
technique was used extensively in Run I to tag samples of b jets which were used in the W boson and top
quark physics programs. This technique is mostly of interest for top physics, not for B physics itself.
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further dilution. In an ensemble of tags, the away side b hadron will be some mixture of B+,
B0, Bs and several b baryons. The B
+ and the b baryons do not mix and so the observation
of the sign of the lepton is a clear tag. However, 17.4% of the B0 mesons will oscillate to
B¯0 mesons before decaying [6] and will, therefore, give an incorrect tag. The Bs system,
which is fully mixed, provides no tagging power at all.
Kaon tagging exploits the charge of the kaon in the away side decay chain, b→ c→ XK−
compared with b¯ → c¯ → XK+. Because of the large product branching fraction this tag
has a much higher efficiency than lepton tags but historically has had worse dilution. With
the improved vertexing power and particle identification capabilities of the of the Run II
detectors one expects significantly improved dilutions. As with lepton tagging, there is
tagging dilution from the mixing of the away side B0 and Bs. It is often noted that a
typical Bs decay contains two kaons of opposite strangeness and so contributes no power
to kaon tagging. While this is true, one must remember that the Bs system is fully mixed
and had no tagging power to start with.
A method called “jet charge tagging” exploits the fact that the sign of the momentum
weighted sum of the particle charges of the opposite side b jet is the same as the sign of
the charge of the b quark producing this jet. In a simple version, the jet charge Qjet can be
calculated as
Qjet =
∑
i qi (~pi · aˆ)∑
i ~pi · aˆ
, (2.5)
where qi and ~pi are the charge and momentum of track i in the jet and aˆ is a unit vector
along the jet axis. On average, the sign of the jet charge is the same as the sign of the
b quark that produced the jet.
Vertex charge tagging involves reconstructing the full vertex topology of the away side.
This does not necessarily constitute full reconstruction of the away side since the away
side decay will usually contain π0’s, photons, K0S and K
0
L. However these missing particles
do not modify the charges of the remnant vertices. If the vertices have been correctly
reconstructed, and if the away side secondary vertex has a charge of ±1, then the flavor of
the away side b is known. If the charge of the away side secondary vertex is zero, then there
is no tagging power. Also, if the away side tertiary vertex has charge ±1, one can infer the
flavor of the away side b.
2.6.2 Same Side Tagging
Same side tagging exploits charge correlations between the a B0, or B¯0, and the nearest
pion in the fragmentation chain. Fig. 2.7 illustrates the idea behind the method.
One can think of the hadronization, or fragmentation, processes as pulling light quark
pairs from the vacuum and forming hadrons from nearby quarks. In order to form a B0 or
a B¯0 meson the light quark pair which is nearest in the fragmentation chain to the initial
heavy quark must have been a dd¯ pair. This leaves a d or d¯ quark at the dangling end of
the fragmentation chain. If the second nearest light quark pair is uu¯ pair then the nearest
meson in the fragmentation chain will be a π− or π+, which can be used to tag the flavor of
the initial b or b¯. If the second nearest light quark pair is a dd¯ pair then the nearest meson
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Figure 2.7: Four quark diagrams for the fragmentation of b and b¯ quarks to B0
and B¯0 mesons. The charged pion which is nearest in the fragmentation chain to
the B meson tags the birth flavor of the B meson. The notation . . . indicates that
the fragmentation chain continues out of the picture.
is a π0, which itself has no tagging power. However the dangling end of the fragmentation
chain remains a d or d¯ and, if the third nearest light quark pair is a uu¯ pair, then the second
nearest meson will be a π− or π+ which can be used as a flavor tag. The bottom line is
that the charge of the nearest charged pion tags the birth flavor of the B0 or B¯0 meson.
The question now is to discover an algorithm that will identify the charged pion that
is the nearest charged pion in the fragmentation chain. CDF successfully developed such
an algorithm in Run I. To select the same side tag pion, all tracks within a cone of radius
0.7 in η ϕ space, centered around the direction of the B meson, were considered. Same
side tag candidate tracks were required to originate from the B production point (the
primary event vertex), and were therefore required to satisfy d0/σd0 < 3, where σd0 is the
uncertainty on the track r ϕ impact parameter d0. This selection produced, on average, 2.2
same side tag candidate tracks per B candidate. String fragmentation models indicate that
particles produced in the b quark hadronization chain have a small momenta transverse to
the direction of the b quark momentum. CDF thus selected as the tag the track that had
the minimum component of momentum, prelT , orthogonal to the momentum sum of the track
and the B meson.
The same fragmentation chain argument can be used to show that the nearest charged
Report of the B Physics at the Tevatron Workshop
86 CHAPTER 2. COMMON EXPERIMENTAL ISSUES
kaon in the fragmentation chain can be used to tag the flavor of Bs and B¯s mesons. If
the nearest kaon is a K+, then the meson is a Bs but if the nearest kaon is a K
−, then
the meson is a B¯s. If, however, the nearest kaon is neutral, then there is no kaon tagging
power because the nearest charged neighbor will be a pion. While there does remain a
charge correlation with the nearest charged pion, the author is not aware of any work done
to exploit this.
Compared with away side tagging methods, the same side tagging methods have a higher
efficiency but a worse dilution. That is, they almost always find a candidate charged track
but it is not always the correct one. Because of its high efficiency, same side tagging makes
an important contribution to the total tagging power of an experiment.
2.6.3 Overall Tagging Strategy
The various methods described above have quite different properties. For example lepton
tagging has a relatively low efficiency but a very good dilution. Same side tagging and jet
charge tagging, on the other hand, are more efficient but have poorer dilutions. At CDF
in Run I Kaon tagging was intermediate in both efficiency and dilution; better particle
identification capability in the CDF Run II detector and in BTeV will significantly improve
the dilution for this tag. The optimal tagging strategy is some method which involves all of
the the tagging techniques. Any such strategy must account for the correlations among the
away side tagging methods; same side tagging is statistically independent of all away side
methods. One very simple strategy is to poll each method in order of decreasing dilution
and to accept the first method that gives an answer. A more powerful idea is to combine all
of the methods into an overall likelihood ratio, a linear discriminant or a neural net. The
strategy employed by CDF in their Run I analysis of sin 2β is described in reference [13].
For further details one should consult the chapters for the specific experiments and the
references therein.
2.7 The Measurement Error on Proper Decay Times
It is instructive to describe how one measures the proper decay time of a b hadron and
to see that, for the decays of interest, the error on the proper decay time is, to a good
approximation, independent of momentum.
To measure the proper decay time one reconstructs the primary interaction vertex at
which the b hadron was produced and the secondary vertex at which the b hadron decayed.
The proper decay time, t, is then given by t = Lm/pc = L/βγc, where L is the decay length
measured by the separation of the vertices, p is the measured momentum of the b hadron, m
is the mass of the b hadron, c is the speed of light, and where β and γ are the usual Lorentz
parameters for the b hadron. The uncertainty on the decay length contains contributions
from the error on the primary vertex position, the error on the secondary vertex position
and the error on the momentum of the b. In all three experiments the contributions from
the position errors are much larger than those from the error on the momentum. And the
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multiplicity of the primary vertex is usually much higher than that of the secondary vertex,
making the error on the primary vertex position smaller than that of the secondary vertex;
therefore the error on the proper decay time is dominated by the error on the position of the
secondary vertex. The relevant part of the error on the secondary vertex is the projection of
its error ellipse onto the flight direction of the b hadron. That is the dominant contribution
to the error is just,
σt(dominant contribution) = σ
(2ndry)
L /(βγc), (2.6)
where σ
(2ndry)
L is the contribution of the secondary vertex to the decay length.
There is one familiar exception to this rule. When using semi-leptonic decays to recon-
struct the b, the momentum carried by the missing neutrals is poorly known and the error
in the proper decay time has important contributions from the error in the momentum.
To understand how σt depends on momentum, consider two different instances of the
decay B0 → π+π−. In the the first case the B0 has some definite momentum and the decay
takes place at a particular point in some detector. Suppose that the momentum is large
enough that both pions are boosted forward along the B flight direction in the lab. In
the second case, the B0 decays at exactly the same space point and with the same center-
of-mass decay angles as in case 1, but it has a larger momentum. The decay products of
this decay are then measured in the same detector. Further suppose that the detector is
sufficiently uniform that each track from these two decays is equally well measured. The
main difference between these two cases is that the lab frame opening angle between the
two pions will be smaller in case 2 than in case 1. Because the opening angle is smaller,
the point at which the tracks intersect is more poorly known. In particular the component
of the vertex position along the b flight direction in the lab is more poorly known. This
is purely a geometric effect. One result of this geometric effect is that the error on the
secondary vertex position grows like γ; that is σ
(2ndry)
L ∝ γ. Plugging this into Eq. 2.6 gives
σt ∝ 1/(βc). Therefore, for β ≃ 1.0, the error on the proper decay time is independent of
momentum. This property has been exploited by experiments such as E687, E791, SELEX
and FOCUS to make precision measurements of the charmed hadron lifetimes.
The above analysis holds approximately for multi-body decays of b hadrons. It will fail
for very small boosts, in which case the decay products travel both forwards and backwards
along the b flight direction. It will also fail if the decay products of the b hadron are slow
enough that their errors are dominated by multiple scattering and not by the measurement
errors in the apparatus.
The above analysis is only valid if the two decays are measured by the same detector.
It is not useful for comparing two very different detectors; in that case there are no short
cuts and one must compute the resolution of each detector.
2.8 Properties of a Good B Physics Detector
A detector for doing b and c physics at a hadron collider must have the following components,
a high precision vertex detector, a tracking system giving excellent momentum resolution,
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excellent particle identification (ID) capability, and a robust trigger integrated into a high
bandwidth DAQ. And it is very desirable to have electromagnetic calorimetry so that modes
containing photons and π0’s can be measured.
It would also be useful to have hadronic calorimetry which is precise enough to recon-
struct a K0L. Because the K
0
L has opposite CP quantum numbers to the K
0
S , many tests
of the weak interactions can be made by comparing exclusive final states which differ by
substituting a K0L for a K
0
S . None of the three experiments, however, anticipate a significant
ability to reconstruct K0L mesons.
There are many other constraints on the detector design. For example, all of the detector
elements must have sufficiently fine granularity to deal with the high multiplicities which
occur in pp¯ collisions. The detector must be able to deal with several such interactions in
one beam crossing. And it is important to design the detector with as little mass as possible
in the fiducial volume.
The three experiments have approached these challenges from different directions and
with different constraints.
2.8.1 Forward vs Central
At first glance the most striking difference among the three detectors is that CDF and DØ
are central detectors while BTeV is a forward detector. But there is a much more important
distinction — BTeV is a dedicated B physics detector while CDF and DØ are multipurpose
detectors whose primary mission is high pT physics, including precision top quark physics,
the search for the Higgs boson and the search for supersymmetric particles. Some of the
constraints imposed on CDF and DØ are not intrinsic limitations of the central geometry;
rather they are consequences of their optimization for a different spectrum of physics.
But there do remain some issues for which either the forward or central geometry has
an advantage. First, BTeV has a harder particle ID job than either CDF or DØ because
BTeV must identify tracks over a much wider range of momentum. However the forward
geometry allows for a RICH detector which gives BTeV better overall hadronic particle ID.
Second, BTeV has a somewhat higher efficiency for reconstructing the decay products of the
second B in the event, given that the first B has already been reconstructed. The reasons
behind this involve the interplay of production dynamics with the myriad constraints of
detector design. Third, the forward geometry is more open than the central geometry,
thereby simplifying the mechanical design and maintenance. In a central geometry, on the
other hand, one unit of η is much more opened up in space than in the forward region. Since
multiplicities are approximately uniform in η, this allows a device with coarse granularity to
have the same multi-track separation power as does a fine granularity device in the forward
region; this has advantages in channel count. Many of the advantages discussed in this
paragraph are tied to available technologies and the situation might well change with new
developments in detector technologies.
The B mesons produced in the forward region have higher momenta, and consequently
longer decay lengths, than do those produced in the central region. Before drawing any
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conclusions about the merits of forward produced B’s, one must take many other things
into account. Not all B’s produced in the central region have low momentum and the
ones which pass all analysis cuts have much higher momentum than the average B meson.
There are more B mesons produced in the central region than in the forward region so
central detectors can tolerate a smaller efficiency for their topological cuts and still have a
comparable event yield. Higher momentum B mesons have poorer resolution on their decay
vertex positions (see Section 2.7); this cuts the advantage of the highest momentum B
mesons in forward detectors. The decay products of higher momentum B mesons undergo
less multiple scattering than do those of lower momentum B mesons; this helps to improve
resolutions. And the details of the detector design turn out to be the critical. The net
result is that, after all analysis cuts, the early designs for the Run II CDF detector had a
significantly poorer resolution on proper decay time than does BTeV. But with the addition
of Layer-00, CDF now has a resolution on proper decay time, after all analysis cuts, which
is comparable to that of BTeV.
At trigger time a different set of priorities is present. For example, in the lowest level
of the BTeV trigger, the track fitting algorithms are crude and it is important that most B
meson daughters are of high enough momentum that multiple scattering is a small enough
effect to treat in a crude fashion.
The most important difference which arises from of BTeV being a dedicated experiment,
while CDF and D0 are not, is in the trigger and DAQ systems. The BTeV trigger and DAQ
system reconstructs tracks and makes a detachment based trigger decision at the lowest
trigger level. Every beam crossing is inspected in this way. CDF and DØ, on the other
hand, must live within bandwidth budgets that were established before this sort of trigger
was feasible. Therefore they have detachment information available only at level 2 and
higher. For similar reasons their triggers have a higher pT cut than does the BTeV trigger.
2.8.2 A Precision Vertex Detector
First and foremost it is necessary to have a high precision vertex detector. The importance
of the vertex detector to the trigger has already been emphasized. Also, excellent resolution
on proper decay time, which results from excellent vertex resolution, is necessary to study
the time dependence of mixing mediated CP violating effects in the Bs system.
In a typical offline analysis chain, the vertex resolution appears to a high power. A
typical candidate-driven B0 → π+π− analysis might proceed as follows. First one finds a
B0 candidate and demands that the candidate B have a well defined vertex with a good
χ2. Next, one must find the primary vertex of the bb¯ interaction and care must be taken
to ensure that this vertex is not contaminated by tracks from the other b hadron. One
demands that the secondary vertex be well separated from the primary vertex. For some
analyses it will be necessary to exclude B candidates if other tracks from the event are
consistent with coming from the B decay vertex. Finally, one applies the available tagging
methods. Each of these steps exploits the vertexing power of the experiment in a slightly
different way. With so many steps, poor resolution has many chances to strike.
The vertex detector must have as low a mass as possible. Less mass implies less multiple
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scattering and better vertex resolution. But a more important effect is that less mass reduces
the number of interactions of signal tracks in the detector materials. When a signal track
interacts in the detector, it is often unusable for physics and the event is lost. Examples
include tracks which undergo inelastic hadronic interactions before reaching the particle ID
device and photons which pair convert in the detector material.
A final consideration is the occupancy of the vertex detector. The occupancy is defined
as the fraction of channels which are hit during a typical beam crossing. As the occupancy
rises, the number of hit combinations which must be considered grows exponentially and
pattern recognition becomes more difficult. If the occupancy is less than a few percent,
offline pattern recognition is straight forward and standard algorithms compute sufficiently
quickly. The driving factor in behind BTeV’s choice of a pixel detector, rather than a
strip detector, was to reduce the occupancy to approximately 10−4. With this very low
occupancy, even very simple, pattern recognition algorithms are efficient and produce low
background levels; this allows their use at the lowest level of the trigger.
2.8.3 Tracking
The vertex detector must be supplemented by a tracking system with excellent momen-
tum resolution. For most decay modes of interest, the mass resolution on the b hadron
is dominated by the momentum resolution of the apparatus. If the mass resolution can
be decreased by, say, 10%, one will get a 10% improvement in signal-to-background ratio
without loss of signal efficiency. In a decay chain with several intermediate mass constraints
this can add up.
Again it is important to minimize the mass in the tracking system and pay careful
attention to the expected occupancy.
2.8.4 Particle ID
It is important to have a excellent particle identification with the ability to separate, with
high efficiency, all of e, µ, π,K, p over a broad momentum range. All of the detectors have
triggering modes which require lepton identification (lepton ID). Particle ID is also critical
for reducing backgrounds which arise when one B decay mode is mistaken for another, such
as Bs → Dsπ being mistaken for Bs → DsK. Finally, excellent particle ID is crucial for a
large ǫD2 for kaon tagging.
All of the experiments have excellent lepton ID. Muon ID is done by finding tracks which
penetrate a hadron shield. Electron ID is done by matching tracks in the tracking system
with clusters of energy in the electromagnetic calorimeter.
BTeV is a dedicated B physics experiment and one of the factors driving the decision to
build a forward spectrometer, not a central one, was that the forward geometry has room
for a Ring Imaging Cherenkov counter (RICH). This provides the power to separate π,K, p
from one another. On the other hand, the CDF and DØ detectors were originally optimized
for high pT physics, which did not require powerful π,K, p separation. Therefore the early
Report of the B Physics at the Tevatron Workshop
2.8. PROPERTIES OF A GOOD B PHYSICS DETECTOR 91
designs for the CDF and DØ Run II detectors did not include any device to do hadronic
particle ID. Since then CDF has added a time of flight (TOF) system to perform π,K, p
separation.
The reader is referred to the chapters 3 to 5 for further details.
2.8.5 Trigger and DAQ
In order to have a broad based B physics program, it is important to have an open trigger
which is able to trigger on many B decay modes. This must be accompanied by a high
bandwidth DAQ system which can move the data off the detector, move it between trigger
levels and store it until a trigger decision is made.
The job of the trigger is to sort through the much more copious background interactions
and extract a high purity b sample to write to tape. Ideally the trigger should be sensitive
to some general property of b events, and have a high efficiency for a wide variety of B
decay modes; it is not enough that the trigger performs well on some list of benchmark
decay modes. This allows the greatest flexibility to explore ideas which are first thought of
long after the trigger design was frozen. Of course one must verify that the trigger works
well on the modes which we know now to be important.
A detachment based trigger meets all of these requirements; in particular it can trigger
on all hadronic decay modes, a capability which was missing from the previous generation
of experiments. A lepton based trigger, while missing the all hadronic modes, does meet
many of the requirements and it will provide a redundant triggering method to calibrate
the detachment based triggers.
The background rejection needed by the trigger is set by several things. Each level of the
trigger must reduce the background to a low enough level that the bandwidth to the next
level is not saturated. One must also consider the total amount of data which is written to
tape; if too much data is written to tape, the main data reconstruction pass will take too
long and the production of physics papers will be delayed. The cost of archival media is
also an issue.
A final consideration is projecting results to higher instantaneous luminosities. As the
luminosity increases, several limiting effects arise: one might reach the bandwidth limit of
the DAQ system; one might exceed the amount of buffering at some level of the DAQ; the
dead time might become too large. Once one of these limits is reached, the normal response
is to raise some trigger threshold or to prescale some trigger. Typically one tries to sacrifice
either the triggers which carry the least interesting physics or the triggers with poor signal
to background ratios.
During an extended Run II but it is very likely that some of the B physics triggers will
need to be modified to deal with the increased luminosity but it is difficult to project in detail
what might need to be done. These decisions will depend, in part, on an understanding of
backgrounds which is not yet available. Depending on the characteristics of the backgrounds,
the trigger efficiency for some B physics channels may be unaffected while the trigger
efficiency for other B physics channels may drop significantly.
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The collaborations have concentrated their B physics trigger simulations on the condi-
tions which will be present early in Run II, up to a luminosity of around 2×1032 cm2s−1. So
they have decided not to present projections for integrated luminosities of 10 and 30 fb−1.
2.8.6 EM Calorimetry
A good electromagnetic calorimeter (EMcal) is necessary for the reconstruction of decay
modes which contain final state photons and π0’s. It is also necessary for electron ID,
which can be used in triggering, in flavor tagging, in many searches for physics beyond the
standard model.
There is one high profile decay mode for which the EMCal is critical, the analysis of the
Dalitz plot for the decay B0 → π+π−π0, a mode which measures the CKM angle α. The
Υ(4S) machines are rate limited and are likely not to have sufficient statistics to make a
definitive measurement of this quantity. The Tevatron detectors have the rate and, provided
the EMCal technology is good enough, the measurement can be done.
A final use for an EMCal is to help sort out strong interaction effects which are entangled
with the weak interaction physics that it the main goal. It is most straightforward to
disentangle the strong interaction effects when all isospin permutations of the final state
can be measured. The classic example of this are the decays B0 → π+π−, B0 → π0π0, and
B+ → π+π0. While this complete set of decay modes is probably not measurable at the
Tevatron, it illustrates the point.
All of the detectors have electromagnetic calorimetry. Both BTeV and CDF have dis-
cussed a B physics program which exploits it.
The EMCal system has a unique sensitivity to the issue of track density. As the number
of tracks in the detector goes up, the occupancy of the calorimeter goes up. In the case of
the tracking detectors one can compensate for high occupancy by making a more granular
detector. This works because each track usually makes a small, localized signal in a tracking
detector. In the case of a calorimeter, showers are extended objects which, by design,
deposit energy in neighboring crystals or cells. Increasing the granularity of the detector
will not make the showers any smaller. One can compensate for high occupancy by choosing
calorimeter materials in which showers are contained in a smaller volume; if such materials
are available, have sufficient energy resolution and radiation tolerance, and are affordable,
then they can be used to make a calorimeter which can tolerate higher multiplicities.
2.8.7 Muon Detector
The final major hardware component in a B physics experiment is a muon detector system.
This provides muon identification (ID) for such purposes as flavor tagging, reconstruction
of J/ψ candidates, reconstruction of semileptonic decays, and searches for rare or forbidden
decays. These last two classes include modes such as B0 → µ+µ− and B0 → e+µ−. A
second job of these system is to provide an element of the trigger system; in some cases
this is a stand alone trigger element and in other cases it is used in conjunction with other
detector components to make a trigger decision.
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The basic design of a muon detector is an iron or steel shield, many hadronic interaction
lengths thick, which absorbs hadrons. Muons which penetrate this shield are detected by
some sort of wire chamber tracking detector, or perhaps a scintillator, placed behind the
shield. When possible other detector components, such as calorimeters and flux returns
are used as part of the shielding. In another variation, iron shielding can be magnetized to
allow measurement of the muon momentum in the muon system alone. This gives several
benefits: it allows one to design a muon based trigger with a well defined pT cut and it
allows better matching between tracks in the muon system and tracks in the main tracking
system.
2.9 Software
The software used by CDF, DØ and BTeV can be thought of in four classes, event generators,
the B decay code, detector simulation tools and reconstruction code. The three experiments
use common tools for the first two classes of software but generally use their own, detector
specific software for the last two classes. The one exception is the MCFast fast simulation
package which was used by both BTeV and CDF. MCFast is described extensively in the
BTeV TDR [4]. BTeV is a new experiment which has tools which are quite advanced for such
a young experiment but which are still primitive on an absolute scale. After Run I, CDF and
DØ embarked on a major retooling of their software infrastructure, which was incomplete
at the time of the workshop. So all of the results presented here use preliminary versions
of code. At the level of precision required for the studies performed at this workshop, all of
these tools are good enough.
The event generators are programs which generate the physics of a pp¯ interaction; its
output is usually just a list of vertices and particles which come out of those vertices. These
programs are typically the intellectual property of the theoretical physicists who developed
the model which is implemented in the program. The generators used by CDF, DØ and
BTeV are PYTHIA [8], ISAJET [9] and HERWIG [10]. Generally these programs are used only
to predict the shapes of the differential cross-sections, not for the absolute cross-sections.
CDF and DØ have tuned the parameters of their event generators to match their Run I
data. BTeV, on the other hand, has no such data against which to tune the codes. Therefore
BTeV is using the programs as is.
The event generators have been carefully developed to simulate the properties of pp¯
collisions but much less care was taken in their model of how b hadrons decay. To circumvent
this, the b and c hadrons produced by the event generators are handed to a separate code
to simulate their decay. Until recently this code was the QQ code, which was developed
and maintained by CLEO, and which contains their integrated knowledge about the decays
of B’s and D’s. The BaBar collaboration also has such a program, EVTGEN which will soon
replace QQ. The results of the workshop were obtained using QQ.
The next step in a typical simulation is to compute the detector response to the sim-
ulated events. All of the experiments have both a fast simulation program and a detailed
simulation program. A typical fast simulation program uses a simplified and/or parame-
terized description of the detector response and directly produces smeared 4-vectors for the
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tracks which were input to it. It may also declare that a track is outside of the fiducial
volume and is not reconstructible. The output of the fast simulation can usually be used
as is to perform the simulated analysis.
A typical full simulation is based on the GEANT 3 program from CERN. This is a program
which knows how to describe a detector by building it up from a library of known shapes.
It also has extensive knowledge of the interactions of particles with materials. It takes
tracks from the event generator and propagates them through the detailed description of
the detector, at each step checking to see how the track interacted with the material. If a
particle interacts in the detector material to produce new particles, those new particles are
also propagate through the detector. If a shower starts in material, GEANT 3 will follow the
daughters through each stage of the shower, and deposit the energy of the shower in the
appropriate detector cells. The output of this simulation is typically a list of pulse heights
or arrival times for hits in individual detector cells. This information is then passed to the
reconstruction program and the trigger simulation codes.
At the time of the workshop, the experiments were still evaluating at the GEANT 4
program, the C++ based successor to GEANT 3.
CDF and DØ have data samples from Run I which can be used. Signal yields can be
projected from the Run I signal yields by computing the ratio of efficiencies in the old and
new detectors. This avoids the need to make assumptions about the total cross-section, as
BTeV must do. CDF and DØ use background samples from Run I to estimate background
levels in Run II. BTeV must rely entirely on simulations for this purpose.
The reconstruction code starts with raw hits, either from the detector or from a sim-
ulation of the detector, calibrates them, find tracks, fits them, finds showers, applies the
particle ID algorithms and so on. The output of this step is the measured properties of
tracks and showers, which can be used directly for physics analysis.
The trigger simulation codes start with the same raw hits as the reconstruction code.
In some cases the codes emulate the trigger hardware and produce trigger decisions which
should very closely represent the real trigger behavior. In other cases the simulation codes
For more details on the software of each experiment, consult their TDRs [1] [2] [3] [4]
and chapters 3 to 5 in this report.
2.10 Comparison with e+e− Machines
For most of their lifetime the Tevatron experiments will be in competition with the detectors
from the Υ(4S) e+e− factories, BaBar and Belle. The charm physics program of BTeV will
also face competition from CLEO-c. While these programs are competition, they also
complement the Tevatron program. Some precision measurements will be best done in the
cleaner environment of e+e−: they have a well determined initial state, either pure B0B¯0 or
B+B−, with no additional tracks in the event. And the production of B mesons represents
about 20% of their total cross-section, which greatly simplifies triggering and removes many
trigger biases. Similar advantages hold for the open charm program at CLEO-c.
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On the other hand, the Tevatron experiments have a significant rate advantage which
give it the advantage for many rare decay modes and in those measurements which are
statistically limited. Only the Tevatron experiments have access to the decays of the Bs
and b baryons, which are necessary to complete the program of over constraining the CKM
matrix. See, for example, the discussion of Bs mixing in chapter 8.
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Chapter 3
The CDF Detector
M. Paulini, A.B. Wicklund
3.1 Introduction
The CDF detector has evolved over a twenty year period. CDF was the first experiment
at the Tevatron to perform quantitative measurements of b-quark production, using single-
lepton and J/ψ samples in Run 0 (1988-1989). CDF was the first hadron collider experiment
to successfully employ a silicon vertex detector (SVX). The four layer, axial readout SVX
(Run Ia) and SVX’ (Run Ib) detectors were used to discover the top quark through detec-
tion of the b-quark decay chain. They were also used for a systematic program of b-physics
studies, including B-lifetimes, BB mixing, discovery of the Bc, and measurement of CP
violation in the B0 → J/ψK0S mode. In the course of this program, CDF has developed
the techniques to identify B hadron final states in J/ψ and ℓνD semileptonic modes, and
to flavor tag these states using away-side lepton and jet-charge tags and toward side frag-
mentation correlations. As a byproduct, CDF has developed control sample strategies to
calibrate particle identification using relativistic rise dE/dx, to optimize flavor tagging effi-
ciency, and to measure material effects (energy loss and radiation length corrections) needed
for precision mass measurements. CDF has published over fifty papers on B physics with
the Run 0 and Run I data. In addition to Run I physics data, CDF recorded data on a
variety of specialized triggers in order to estimate rates and backgrounds for the Run II
program. Although the Run II B-physics program at CDF will be technically more chal-
lenging than Run I, CDF starts with the advantage of extensive experience and benchmark
data.
The upgraded CDF detector and physics program for Run II is described in detail in the
CDF Technical Design Report [1]. The additional upgrades for time-of-flight and innermost
silicon detector are described in the PAC proposal P909 [2]. Below we summarize the Run II
detector configuration, with expected performance including particle identification, issues
for central solenoidal detectors, CDF B-physics trigger plans, and offline analysis issues.
3.2 CDF Run II Detector
The main upgrades to the CDF detector for Run II can be summarized as follows:
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Figure 3.1: Elevation view of the Run II CDF detector
- Fully digital DAQ system designed for 132 ns bunch crossing times
- Vastly upgraded silicon detector
707,000 channels compared with 46,000 in Run I
Axial, stereo, and 90◦ strip readout
Full coverage over the luminous region along the beam axis
Radial coverage from 1.35 to 28 cm over |η| < 2
Innermost silicon layer(“L00”) on beampipe with 6 µm axial hit resolution
- Outer drift chamber capable of 132 ns maximum drift
30,240 sense wires, 44-132 cm radius, 96 dE/dx samples possible per track
- Fast scintillator-based calorimetry out to |η| ≃ 3
- Expanded muon coverage out to η ≃ 1.5
- Improved trigger capabilities
Drift chamber tracks with high precision at Level-1
Silicon tracks for detached vertex triggers at Level-2
- Expanded particle identification via time-of-flight and dE/dx
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COT
Radial coverage 44 to 132 cm
Number of superlayers 8
Measurements per superlayer 12
Readout coordinates of SLs +2◦ 0◦ -2◦ 0◦ +2◦ 0◦ -2◦ 0◦
Maximum drift distance 0.88 cm
Resolution per measurement 180 µm
Rapidity coverage |η| ≤ 1.0
Number of channels 30,240
Layer 00
Radial coverage 1.35 to 1.65 cm
Resolution per measurement 6 µm (axial)
Number of channels 13,824
SVX II
Radial coverage 2.4 to 10.7 cm, staggered quadrants
Number of layers 5
Readout coordinates r-φ on one side of all layers
Stereo side r-z, r-z, r-sas, r-z, r-sas (sas ≡ ±1.2◦ stereo)
Readout pitch 60-65 µm r-φ; 60-150 µm stereo
Resolution per measurement 12 µm (axial)
Total length 96.0 cm
Rapidity coverage |η| ≤ 2.0
Number of channels 423,900
ISL
Radial coverage 20 to 28 cm
Number of layers one for |η| < 1; two for 1 < |η| < 2
Readout coordinates r-φ and r-sas (sas≡ ±1.2◦ stereo) (all layers)
Readout pitch 110 µm (axial); 146 µm (stereo)
Resolution per measurement 16 µm (axial)
Total length 174 cm
Rapidity coverage |η| ≤ 1.9
Number of channels 268,800
Table 3.1: Design parameters of the CDF tracking systems
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|η| Range ∆φ ∆η
0. - 1.1 (1.2 h) 15◦ ∼ 0.1
1.1 (1.2 h) - 1.8 7.5◦ ∼ 0.1
1.8 - 2.1 7.5◦ ∼ 0.16
2.1 - 3.64 15◦ 0.2 − 0.6
Table 3.2: CDF II Calorimeter Segmentation
The CDF detector features excellent charged particle tracking and good electron and
muon identification in the central region. The detector is built around a 3 m diameter
5 m long superconducting solenoid operated at 1.4 T. The overall CDF Run II detector
schematic is shown in elevation view in Fig. 3.1. The CDF tracking system includes a
central outer drift chamber (COT), a double-sided five layer inner silicon detector (SVX
II), a double-sided two layer intermediate silicon tracker (ISL), and a single layer rad-hard
detector mounted on the beampipe (L00). COT tracks above 1.5 GeV/c are available for
triggering at Level-1 (XFT); SVX layers 0-3 are combined with XFT tracks at Level-2
(SVT). The main parameters of the CDF tracking system are summarized in Table 3.1.
Outside the solenoid, Pb-scintillator electromagnetic (EM) and Fe-scintillator hadronic
(HAD) calorimeters cover the range |η| < 3.6. Both the central (|η| < 1.1) and plug
(1.1 < |η| < 3.6) electromagnetic calorimeters have fine grained shower profile detectors
at electron shower maximum, and preshower pulse height detectors at approximately 1Xo
depth. Electron identification is accomplished using E/p from the EM calorimeter and also
in the shower maximum and preshower detectors; using HAD/EM ∼ 0; and using shower
shape and position matching in the shower max detectors. Together with COT dE/dx,
CDF gets ∼10−3 π/e rejection in the central region. The calorimeter cell segmentation is
summarized in Table 3.2. A comparison of the central and plug calorimeters is given in
Table 3.3.
The calorimeter steel serves as a filter for muon detection in the central (CMU) and
extension (CMX) muon proportional chambers, over the range |η| < 1, pT > 1.4 GeV/c.
Additional iron shielding, including the magnet yoke, provides a muon filter for the upgrade
muon chambers (CMP) in the range |η| < 0.6, pT > 2.2 GeV/c. The (non-energized)
forward toroids from Run I provide muon filters for intermediate 1.0 < |η| < 1.5 muon
chambers (IMU) for pT > 2 GeV/c. Scintillators for triggering are included in CMP, CMX,
and IMU. Muon identification is accomplished by matching track segments in the muon
chambers with COT/SVX tracks; matching is available in RΦ for all detectors and in the
Z views in CMU and CMX. The muon systems are summarized in Table 3.4.
The Run II CDF detector configuration allows electron and muon identification with
drift chamber tracking over the range |η| < 1.0, with additional coverage out to |η| ∼ 1.5
using stand-alone silicon tracking. Typical thresholds are pT > 1 GeV/c (electrons), pT >
1.5 GeV/c (muons). Calibration of electron and muon identification is accomplished in situ
with large samples of J/ψ’s and photon conversions.
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Central Plug
EM:
Thickness 19X0, 1λ 21X0, 1λ
Sample (Pb) 0.6X0 0.8X0
Sample (scint.) 5 mm 4.5 mm
WLS sheet fiber
Light yield 160 pe/GeV 300 pe/GeV
Sampling res. 11.6%/
√
ET 14%/
√
E
Stoch. res. 14%/
√
ET 16%/
√
E
Shower Max. seg. (cm) 1.4φ×(1.6-2.0) Z 0.5 × 0.5 UV
Pre-shower seg. (cm) 1.4φ× 65 Z by tower
Hadron:
Thickness 4.5λ 7λ
Sample (Fe) 1 to 2 in. 2 in.
Sample (scint.) 10 mm 6 mm
WLS finger fiber
Light yield ∼ 40 pe/GeV 39 pe/GeV
Table 3.3: Central and Plug Upgraded Calorimeter Comparison
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CMU CMP CMX IMU
Pseudo-rapidity coverage |η| ≤ 0.6 |η| ≤ 0.6 0.6 ≤ |η| ≤ 1.0 1.0 ≤ |η| ≤ 1.5
Drift tube cross-section 2.68 x 6.35 cm 2.5 x 15 cm 2.5 x 15 cm 2.5 x 8.4 cm
Drift tube length 226 cm 640 cm 180 cm 363 cm
Max drift time 800 ns 1.4 µs 1.4 µs 800 ns
Total drift tubes (present) 2304 864 1536 none
Total drift tubes (Run II) 2304 1076 2208 1728
Scintillation counter thickness 2.5 cm 1.5 cm 2.5 cm
Scintillation counter width 30 cm 30-40 cm 17 cm
Scintillation counter length 320 cm 180 cm 180 cm
Total counters (present) 128 256 none
Total counters (Run II) 269 324 864
Pion interaction lengths 5.5 7.8 6.2 6.2-20
Minimum muon pT 1.4 GeV/c 2.2 GeV/c 1.4 GeV/c 1.4-2.0 GeV/c
Multiple scattering resolution 12 cm/p 15 cm/p 13 cm/p 13-25 cm/p
Table 3.4: Design Parameters of the CDF II Muon Detectors. Pion interaction
lengths and multiple scattering are computed at a reference angle of θ = 90◦ in
CMU and CMP, at an angle of θ = 55◦ in CMX, and for a range of angles for the
IMU.
Photon identification is done using the EM calorimetry, using the preshower and shower
maximum detectors to separate π0/γ. Channels like B → J/ψη can be reconstructed with
the calorimeter. Rare decays such as B → K∗γ use photon conversions to obtain precision
γ reconstruction.
Asymptotic tracking resolutions are σ(pT ) ≃ 0.0007 p2T (|η < 1.1), and σ(pT ) ≃ 0.004 p2T
(|η| < 2 -stand-alone SVX tracking). The SVX detectors provide typical impact parameter
resolution of 15 (R − φ- view) and 30 (Z- view) µm. For example, this results in mass
resolution of around 20 MeV for B0 → π+π− and proper time resolution of 45 fs for
B0s → D−s π+.
Particle identification to separate pions, kaons, protons, and electrons is provided by
dE/dx and time-of-flight (TOF) detectors (|η| < 1):
• 1/β2 dE/dx in both COT and SVX
• Relativistic rise dE/dx in COT
≃1 σ π −K separation, p > 2 GeV/c
• TOF bars outside the COT (1.4 m radius)
≃100 ps resolution
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Figure 3.2: Time difference as a function of momentum for π,K, p at a radius of
140 cm, expressed in ps and separation power, assuming 100 ps resolution. The
dashed line shows the K/π separation using dE/dx in the COT.
2σ K − π separation at 1.5 GeV/c
Figure 3.2 shows the expected separation as a function of momentum. The low momentum
particle identification provides flavor tagging with kaons, both on the away side b-jet, and
on the same side as the trigger B (e.g., B0s correlated with K
+, B0s with K
−); it should
also provide useful kaon separation for charm reconstruction, e.g. B0s → D−s π+. Above
2 GeV/c, the COT dE/dx provides a statistical separation of pions and kaons. This will
be crucial for determination of CP asymmetries in B0 → π+π− and B0s → K+K−. The
dE/dx and TOF calibrations can be determined in situ using pions and protons from KS
and Λ decays, kaons from φ→ K+K−, electrons from conversion photons, and muons from
J/ψ decay.
3.3 Issues for Central Solenoidal Detectors at the Tevatron
In the Run II detector full charged particle tracking using the SVX and the COT is confined
to η < 1.1. Since all B-physics triggers are track based, and rely on COT tracks in the
Level-1 trigger, the B triggers are basically limited to this η range. Furthermore, in order
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to achieve a reasonable Lorentz boost for the triggered B hadrons, it is necessary to select
events with pT (B) above some minimum cutoff, typically of order 4-6 GeV/c. In terms
of production rates, this is not really a severe limitation. At 1032 luminosity, the total bb
production rate is around 10 kHz at the Tevatron (eg. 1011 events per fb−1), much more
than the CDF data acquisition rate of ≃75 Hz to tape. Since B production at high pT peaks
at small |y|, the kinematic restriction is such that about 6% of B-hadrons are produced in
the region |y| < 1 and pT > 6 GeV/c (e.g., 1.2 kHz of B+B at 1032.
Thus, the basic trigger strategy is to select B decays to specific final states in the central
region, for example B0 → J/ψKS or B0s → D−s π+, with charged particle tracks confined
to |η| < 1. For mixing and CP studies, flavor tagging is accomplished using either the
away-side B or same-side fragmentation correlations. The fragmentation correlations give
a highly efficient flavor tag (≃ 70% in Run I), since the tagging tracks are guaranteed to be
in the central region. The away side tagging would be limited if tracking were confined to
|η| < 1, but the stand-alone SVX tracking extends the coverage in η, and so is expected to
greatly improve efficiency for jet-charge and lepton tagging of away-side b-jets.
There are some advantages to the central detector configuration:
• The Tevatron beamspot is small (∼ 25µm) in the transverse plane. This feature
is exploited at the trigger level in CDF Run II, using the SVX detector to identify
large-impact parameter tracks from B decays in the level-2 trigger. This requires the
Tevatron beam to be aligned parallel to the detector axis, due to the long (∼ 60cm)
luminous region in Z. The SV T - trigger will yield a highly pure sample of inclusive
B decays, approximately 108 bb events per fb−1.
• With the pT (B) cut, the proper time resolution is adequate for demanding analyses
such as Bs mixing (e.g., 45 fs on Bs → D−s π+)
• The pT (B) requirement also improves the ratio of B production to QCD background.
While the total bb cross section is of order 0.2% of the minimum bias rate, the high-pT
b-jet cross section is measured to be 2% of the QCD jet rate, in the pT range of interest
for CDF.
• In the central region, tracks are well spread out in Z, and CDF has demonstrated
highly efficient track reconstruction for bb events.
3.4 Trigger Strategies
The main B-physics goals for CDF Run II make use of the following final states. Of course
in each case, other final states, both inclusive and exclusive, are used as calibration samples,
and so the triggers must be designed to be inclusive.
• B0 → J/ψKS for sin 2β
• B0s → J/ψφ for CP and ∆Γ
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• B → µ+µ−K(∗) rare decays
• B0s → D−s π+ for Bs mixing
• Bs → D−s ℓ+ν for Bs mixing
• B0(s) → K∗0γ, φγ using photon conversion γ → e+e−
• B0 → π+π−, B0s → K+K− for CKM angle γ
This is of course only a partial list. CDF has a three-level trigger design. Level-1 is
pipelined so as to be deadtimeless. Digitized data are stored in 42×132 ns buffers to create
and count trigger primitives (electrons, muons, COT tracks, and combinations of these).
Level-2 is a global trigger that allows finer grained electron and muon track matching,
and more sophisticated combinations of trigger primitives (for example, opposite charged
lepton pairs with invariant mass requirements). Level-2 finds SVT-tracks using four SVX II
layers; these are matched to the XFT/COT tracks found in level-1 to define high resolution,
large impact parameter b-decay candidates. Level-2 also matches electrons to the central
shower-maximum detector. Finally, Level-3 provides offline quality tracking and calorimeter
reconstruction.
Using Run I data, CDF has carefully optimized the use of bandwidth for Run II triggers.
The basic trigger requirements can be summarized as follows:
• Dimuons and dielectrons
Level-1: Two leptons with COT matched to muon chambers or central calorimeter
Level-2,3: Additional mass, charge, and ∆Φ cuts
• Single Leptons
Level-1: Single leptons matched to muon chambers or central calorimeter
Level-2,3: Additional requirement of accompanying SVT track
• B hadronic triggers
Level-1: two tracks, opposite charge, ∆Φ cuts
Level-2,3: two SVX tracks, impact parameter and ct cuts
Thresholds for dilepton and two-track triggers are typically 1.5-2.0 GeV/c, and for single
leptons 3-4 GeV/c. Level-3 can make additional cuts in order to divide the data into
manageable data sets; for example, a high mass cut will be used to define a B → ππ stream
based on the two-track triggers, while other SVX track requirements will be used to make
a b→ c generic hadronic sample.
The total trigger bandwidth, including B physics, is designed to be 40 kHz (level-1),
300 Hz (Level-2) and 75 Hz Level-3). Thus, the maximum rate level-3 would be 750 nb at
1032 luminosity. B triggers are expected to require about half of that bandwidth. Table 3.5
gives the expected bandwidth requirements for the trigger streams.
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Trigger L1 σ [nb] L2 σ [nb] L3 σ [nb]
B → h+h− 252,000 560 100
B → µµ(X) 1100 90 40
J/ψ → ee 18000 100 6
Lepton plus displaced track 9000 130 40
Table 3.5: Trigger rates for the main CDF II B-physics triggers
Physics Channel Event yield (2 fb−1)
b→ J/ψX 28,000,000
B0 → J/ψK0S 28,000
Bs → Dsπ 10,000
Bs → Dsℓν 30,000
B → µ+µ−K(∗) 50
B → K∗γ 200
B → ππ,Kπ,KK 30,000
Table 3.6: Event yields expected from CDF Run II B-physics triggers
3.5 Offline Analysis and Simulation
CDF has estimated rates for literally hundreds of reconstructable decay modes that come
in on the lepton or SVT two-track triggers. Table 3.6 lists some examples.
Detailed studies of the physics reach expected for CDF may be found elsewhere in this
document. We discuss briefly two issues that enter into calculations of sensitivity, namely
flavor tagging and generic simulation.
3.5.1 Flavor Tagging
CDF measured the flavor tagging efficiencies and dilutions for three methods in the Run I
mixing and sin 2β analyses: “same side” (fragmentation correlation) tagging, jet-charge
tagging, and soft electron and muon tagging. To understand the “same side” tagging at least
qualitatively, CDF analyzed B∗∗ production using large samples of semileptonic B → D(∗)ℓν
decays and applied these to tune the PYTHIA event generator. This gave qualitative
agreement with observed same-side tagging efficiencies, including the observed differences
between B0 and B+ tagging caused by kaons and protons. For jet-charge algorithms,
the tagging was optimized initially using PYTHIA and HERWIG event generators, but
actual efficiencies and dilutions were measured with data, for example, by fitting the B0B0
mixing amplitude or by direct comparison of tagging in B± → J/ψK±. Soft lepton tags
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were calibrated similarly. For the sin 2β analysis the combined tagging efficiency, including
correlations between tags, was ǫD2 = 6.3±1.7%.
CDF extrapolates the Run I efficiencies and dilutions to Run II conditions, taking into
account the standalone silicon tracking to |η| ∼ 2, and including kaon tagging based on
TOF. This gives estimates of ǫD2 ∼ 9.1% for B0 → J/ψKS and ǫD2 ∼ 11.3% for Bs →
D−s π
+. The basic strategies for calibrating and optimizing the tagging efficiencies for each
method would be similar to Run I. For example, the same side tags can be optimized using
semileptonic decays B0,+ → D(∗)ℓν and B0s → D(∗)s ℓν, including the effects of fragmentation
kaons. Opposite side tags can be optimized on the same semileptonic channels, or on
inclusive samples such as b → J/ψX (e.g., by comparing tagging rates for prompt and
long lived J/ψ’s). Same-side tags for sin 2β can be calibrated using B± → J/ψK± and
B0 → J/ψK∗0. Opposite side tags would be calibrated using B± → J/ψK±. Thus,
there are a variety of data channels and cross checks that are available to understand each
tagging method. Event generator Monte Carlo’s play a role in helping to model same-side
tags, including the effects of kaons, and in understanding correlations and variations of
dilution with kinematics.
3.5.2 Monte Carlo Issues
CDF has adopted a GEANT based detector simulation for Run II, which is used for opti-
mization of track reconstruction, muon matching, jet energy analysis, SVT response, etc.
The calorimeter response has to be tuned to match data from testbeam, Run I, and even-
tually Run II. It is obviously straightforward to understand the efficiency for signals such
as B0 → π+π−, where the generation is trivial, and the detector response depends only
on tracking and SVT efficiency. The main concern for B triggers is backgrounds. For
lepton-based triggers, these can be estimated from Run I data. For hadronic triggers such
as B0 → π+π−, CDF can set limits on backgrounds using Run I data, and can use the
PYTHIA generator (plus SVT simulation) to estimate the backgrounds from real bb events.
The backgrounds that dominate B0 → π+π− at the trigger level do not appear to come
from real bb events but from QCD backgrounds that fake the impact parameter trigger;
this conclusion comes from comparison of trigger rates with bb Monte Carlo, and also by
examining Run I data, comparing high mass two-track rates rates from QCD and real bb
events. Thus, while CDF can certainly estimate backgrounds from real bb events in the
SVT two-track trigger sample (these come in due to real b-hadron lifetimes), it cannot re-
liably simulate “QCD” backgrounds in this sample (these depend critically on offline SVX
reconstruction).
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Chapter 4
The DØ detector
R. Jesik, F. Stichelbaut, K. Yip, A. Zieminski
The DØ Run II detector [1] shown in Fig. 4.1 builds on the detector’s previous strengths
of excellent calorimetry and muon detection in an extended rapidity range. The major
addition to the apparatus is a precision tracking system, consisting of a silicon vertex
detector surrounded by an eight layer central fiber tracker. These detectors are located
inside a 2 T solenoid magnet.
4.1 The silicon vertex detector
The silicon vertex detector(SMT), shown in Fig. 4.2, is a hybrid barrel and disk design.
The central detector, covering |z| < 32 cm, consists of six barrels with disks interspersed
between them. Each barrel module consists of four radial layers of detector ladders located
at a radius of 2.7, 4.5, 6.6, and 9.5 cm, respectively. Layers one and three have 50 µm pitch
double sided silicon microstrip detectors (with axial and 90◦ strips) in the four inner barrels,
and have single sided (axial strip) detectors in the two end barrels. Layers two and four
have double sided detectors with axial and 2◦ stereo strips. Each disk module has twelve
wedge-shaped double sided detectors (extending radially from 2.7 to 10 cm) with 30◦ stereo
angle. The forward detector consists of six disks of similar design (three located near each
end of the central detector) plus four larger 24-wedge disks made of single sided detectors,
located at z = ± 110 cm and ± 120 cm. The detector is read out using SVX-II chips and
has 800,000 total channels. The silicon vertex detector provides tracking information out
to |η| = 3 and gives a reconstructed vertex position resolution of 15-40 µm in r − φ and
75-100 µm in z, depending on the track multiplicity of the vertex.
4.2 The central fiber tracker
The central fiber tracker consists of 74,000 scintillating fibers mounted on eight concentric
carbon fiber cylinders at radii from 19.5 to 51.5 cm. Each cylinder supports four layers
of fibers, one doublet in the axial direction and one doublet oriented at a 3◦ helical stereo
angle for odd numbered cylinders and at −3◦ for even ones. The fibers are multi-clad and
have a diameter of 830 µm. Clear fiber waveguides carry the light for about ten meters
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D0 Detector
Figure 4.1: The DØ detector
from the scintillating fibers to the visible light photon counters situated in cryostats under
the calorimeter. These are silicon devices that have a quantum efficiency of over 80% and
a gain of about 50,000. They operate at a temperature of about 10 K. Digitization is also
performed with SVX-II chips and the axial fibers are used to form fast level 1 trigger track
objects.
Figure 4.2: The DØ silicon vertex detector
The combined silicon vertex detector and central fiber tracker have excellent tracking
performance. The full coverage of the entire combined detector extends out to |η| = 1.6.
Tracks will be reconstructed with high efficiency (∼ 95% in the central region) with a
resolution of σpT /p
2
T ∼ 0.002. The silicon detector disks allow efficient tracking out to an
|η| of 3.
Report of the B Physics at the Tevatron Workshop
4.3. ELECTROMAGNETIC PRE-SHOWER DETECTORS 113
4.3 Electromagnetic pre-shower detectors
Another important piece of the upgrade is the new pre-shower detectors attached to the in-
ner surfaces of the calorimeter cryostats. These scintillating strip detectors greatly improve
electron identification by providing a finer grain spatial match to the inner tracker than is
obtained by the calorimeter alone. This reduces electron trigger backgrounds by a factor of
5-10. We will be able to trigger on electrons with pT down to 1.5 GeV/c, and out to an |η|
of 2.5.
The calorimeter itself remains unchanged from its Run I configuration. It is a uranium-
liquid argon sampling calorimeter with fine longitudinal and transverse segmentation, ∆η×
∆φ = 0.1× 0.1, that allows electromagnetic showers to be distinguished from hadronic jets.
It has full coverage out to |η| = 4 with energy resolutions of 15%/√E for electromagnetic
showers and 80%/
√
E for hadronic jets.
4.4 Muon Spectrometers
The central part of the muon system (covering the |η| < 1 range) includes 94 proportional
drift tubes (PDT), barrel scintillator counters (A-PHI) and cosmic ray veto scintillator
counters. There are three PDT layers (A, B, and C) with three or four 5-cm-thick, ±5-cm-
wide drift cells per layer. A r−φ magnetic field, with an average magnitude of 16.7 kGauss,
is contained in an iron toroid sandwiched between layers A and B of the PDT system. The
A-PHI counters have nine segments in the z direction and 80 segments in the φ direction.
There are 630 A-PHI counters in total.
The forward muon system (located at both endcaps) covers the η [±1,±2] region of the
DØ detector. It includes mini-drift tubes (MDT’s with A, B, and C layers) with three or
four decks of 1-cm square cells per layer. Iron toroids are located between the A and B
layers of the MDT systems. The average magnitude of the field is 16.0 kGauss. Three layers
of PIXEL scintillating counters, located next to corresponding MDT stations, have a 4.5◦
φ-segmentation and a 0.1 η-segmentation.
The upgraded muon system offers excellent efficiency, purity, and coverage. We are able
to trigger on muons with pT down to 1.5 GeV/c, and out to an |η| of 2.
4.5 Trigger system
Significant upgrades to the trigger and data acquisition systems are also required to operate
in the high luminosity (L = 2 × 1032cm−2 S−1), high rate (7 MHz) environment of the
upgraded TeVatron. The DØ Run II trigger consists of three levels.
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4.5.1 Trigger levels
The first level (L1) trigger consists of signals from the axial layers of the CFT, the pre-
shower detectors, the calorimeter, and the muon scintillators and tracking chambers. The
level 1 trigger hardware for each of these systems examine the event and report information
to an array of front-end digitizing crates which have sufficient memory to retain data from 32
crossings. Trigger decisions are made in less than 4.2 µs at this level, providing deadtimeless
operation with a maximum accept rate of 10 kHz. Upon a level 1 trigger accept, the entire
event is digitized and moved into a series of 16 event buffers to await a level 2 decision.
The level 2 (L2) trigger will reduce the L1 accept rate of 10 kHz by roughly a factor
of 10 within 100 µs by correlating multi-detector objects in an event. In the first stage,
or preprocessor stage, each detector system builds a list of trigger information. This in-
formation is then transformed into physics objects such as energy clusters or tracks. The
time required for the formation of these objects is about 50 µs. These objects are then sent
to the level 2 global processor where they are combined and trigger decisions are made.
For example, spacial coorelations between tracking segments, pre-shower depositions, and
calorimeter energy depostions may all be used to select electron candidates. The deadtime
of the level 2 trigger is expected to be less than 5%.
The third and final stage (L3) of the trigger will reconstruct events in a farm of PC
processors with a final accept rate of 50 Hz.
4.5.2 Level 1 muon triggers
DØ Level 1 muon trigger (L1MU) [3] identifies muon candidates by using combinatorial
logic that makes use of tracks from L1 Central Fiber Tracker (L1CFT) trigger and hits
from all muon detector elements: drift chambers and scintillation counters. The central,
north and south regions of the detector are divided into octants. The L1MU triggers are
formed locally in each octant. For the purpose of this report the L1MU trigger terms are
labelled by two digits and two letters : L1MU(i, j, A, B).
• The first number refers to the number of muons requested:
• The second number corresponds to an approximate value of the muon pT threshold
in GeV/c. The nominal values are 2,4,7 and 11 GeV/c.
• The first letter refers to the covered ηµ region:
– C = Central, with | ηµ |≤ 1;
– A = All, with | ηµ |≤ 1.6;
– X = eXtended, with | ηµ |≤ 2.
• Finally, the second letter describes the muon tag criterium:
– M stands for Medium tag, requiring a L1CFT track matched with the PDT or
MDT centroids, and with at least one layer-scintillator confirmation.
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– T stands for Tight tag, requiring a L1CFT track combined with the PDT or
MDT centroids, and with a two layer-scintillator confirmation.
4.5.3 Level 1 muon trigger rates and efficiencies
Performance of various muon triggers was evaluated in Ref. [2]. For this analysis we con-
centrated on:
• the single muon trigger L1MU(1,4,A,T)
• and the dimuon trigger L1MU(2,2,A,M).
The ηµ coverage of both triggers extends to | ηµ |≤ 1.6 and effective muon pT thresholds
are 2 GeV/c for the dimuon trigger and 4 GeV/c for the single muon trigger. Muons with
pT > 1.5 GeV/c have a chance to penetrate the calorimeter, muons with pT > 3.5 GeV/c
have a chance to be detected in the entire muon detector, including B and C layers outside
of the toroid magnet.
To estimate the QCD trigger rates, we used the dijet ISAJET events generated in 6
pT intervals (2–5, 5–10, 10–20, 40–80 and 80–500) with 1, 3, 5 or 7 additional minimum
bias interactions (pT between 1 and 100 GeV/c) per event. The background trigger rates
were computed with the assumptions of an instantaneous luminosity of 2 × 1032 cm−2s−1,
a beam crossing time interval of 132 ns and a dijet total cross section of 57 mb. Studies
of Ref. [2] indicate that the expected Level 1 trigger rates at this instantaneous luminosity
are approximately 400 Hz and 80 Hz for the L1MU(2,2,A,T) and L1MU(1,4,A,T) triggers,
respectively. The event samples used in these studies contained about 1000 events each.
Therefore some rate calculation could suffer from large fluctuation due to the small number
of selected events. The absolute rates obtained from these samples could be underestimated
by a factor up to two.
For the trigger efficiency studies we have used a sample of B0d → Ks + J/ψ events pro-
cessed through the latest version of D0GEANT and the trigger simulator. Trigger efficien-
cies are normalized to the numbers of events with | ηµ |< 1.6 and kinematic cuts imposed
on pµT , and p
µµ
T as specified in the Table 4.1. A large difference between efficiencies for the
L1MU(1,4,A,M) and L1MU(1,4,A,T) triggers reflects the fact that the ”tight” tag condition
requires two scintillator signals for each muon. This requirement reduces the geometrical
acceptance of the trigger due to a limited coverage of the scintillating counters at the bottom
of the detector.
The trigger rates at the instantenous luminosity of 2 1032cm−2s−1 due to dimuons from
the genuine QQ¯ signal are ≈ 13 Hz (≈ 4 Hz for pµµT > 5 GeV/c). The 13 Hz combines
contributions from: cc¯ pair production (2.5 Hz), bb¯ pair production (9.5 Hz) and b →
J/ψ + X decays (1.0 Hz). A requirement of dimuon pµµT > 2 GeV/c reduces the rate to
9 Hz.
To estimate the contribution from J/ψ production to the single muon trigger rate, we
normalized the relevant Monte Carlo samples (b → J/ψ + X and prompt J/ψ’s) to the
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pµµT > 2.0 GeV/c > 5.0 GeV/c > 5.0 GeV/c
pµT > 1.5 GeV/c > 1.5 GeV/c > 3.0 GeV/c
L1MU(2,2,A,M) 27% 46% 57%
L1MU(1,4,A,M) 33% 69% 78%
L1MU(1,4,A,T) 15% 32% 49%
dimuon or single (M) 41% 71% 80%
dimuon or single (T) 32% 55% 67%
Table 4.1: Trigger efficiencies for dimuon events preselected with the kinematic
cuts listed
CDF measurement of the J/ψ cross sections in the kinematic range p
J/ψ
T > 5 GeV/c and
| η(J/ψ) |< 0.6 [5]. With this normalization we find that the irreducible L1 trigger rate for
signal events is at least 4.0 Hz for prompt J/ψ’s and 0.8 Hz for J/ψ’s from b-quark decays
(J/ψ with p
J/ψ
T > 2 GeV/c and | ηJ/ψ |< 1.5).
4.5.4 Level 2 and Level 3 muon triggers
The second level of the muon trigger (L2MU) uses calibration and more precision tim-
ing information to improve the quality of muon candidates. Fast processors and a highly
parallelized data pathway are the basis of the L3 muon trigger (L3MU). L3MU improves
the resolution and the rejection efficiency of L2MU candidates. This is accomplished by
performing local muon tracking, by adding inputs form the calorimeter and the sillicon
micro-strip tracker (SMT) and by performing more analytical calculations on CFT tracks
and PDT and A-PHI hits with the calibrated data. The performance of the L2MU and
L3MU triggers has not been fully evaluated at the time of this writing.
In addition, we expect to have the STT (Silicon Tracker Trigger) preprocessor installed in
the middle of 2002. The STT will be part of the Level 2 trigger and will provide an option of
triggering on displaced vertices (impact parameter significance). It will also further improve
momentum resolution of muon tracks.
The STT will allow to tag B decays using displaced secondary vertices or tracks with
large impact parameters. The expected impact parameter resolution in the transverse plane
can be parametrized as [2]:
σ2(d0) = (12.6 µm)
2 +
(
36.6 µmGeV
p× sin3/2 θ
)2
(4.1)
This dependence on particle momentum and polar angle is illustrated in Fig. 4.3.
In Fig. 4.4 we show the impact parameter significance, S = d0/σ(d0), for the B
0
d →
K∗◦µ+µ− decay products, under the condition that all four charged particles are produced
with pT ≥ 0.5 GeV/c (muons with pT ≥ 1.5 GeV/c). On the average 1.8 particles from
the B0d → K∗◦µ+µ− decay will have an impact parameter significance greater than 2.
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Figure 4.3: Expected impact parameter uncertainty dependence on track momen-
tum and polar angle.
This number increases to 3.2 for events preselected by a request of a 400 µm transversal
separation between primary and secondary vertices.
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Figure 4.4: Significance distribution for STT tracks reconstructed in B0d →
K∗◦µ+µ− events with all four charge particles produced with pT ≥ 0.5 GeV/c.
Therefore, once STT becomes operational, we intend to use a simpleB tagging algorithm
based on the number of tracks in the event with a significance greater than Smin to improve
our Level 2 trigger rates for selecting bb¯ events. The algorithm was tested on charged tracks
with pT > 0.5 GeV/c; | η |< 1.6; and with hits in at least 3 layers of the SVX [2]. As
shown in Fig. 4.5 an efficiency of 50% can be achieved by requesting at least two tracks per
event with an impact parameter significance greater than 2. Similarily, requiring at least
one track with an impact parameter significance greater than 5 permits the reduction of
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Figure 4.5: bb¯ event tagging efficiency as a function of Smin with either one or
two tracks in the event satisfying the condition S > Smin.
the background rate by a factor 10 while keeping 50% of the signal (assuming a primary
vertex smearing of 30 µm).
Finally, we have studied the effect of the STT trigger on the separation of the J/ψ
signal due to b-quark decays from the prompt J/ψ production. In case we need to suppress
the prompt J/ψ signal, requiring at least one track with | SB |> 2.5 provides a factor 7
reduction at the 30% cost to the non-prompt J/ψ signal.
4.5.5 Low pT dielectron trigger
DØ has also introduced a dielectron trigger [4] aimed at detection of soft electron pairs,
primarily from J/ψ dielectron decays. Level 1 electron candidates are selected with a
transverse energy deposit ET > 2.0 GeV in the EM calorimeter trigger towers, and with a
low pT > 1.5 GeV/c track coincident with a pre-shower cluster. The two “electrons” are
required to have opposite signs and to match within a quadrant in φ with the EM deposits.
In the forward rapidity region (1.5 < |η| < 2.5) the trigger is based on EM deposits and
preshower clusters only, since no tracking coverage is available.
The dielectron Level 2 trigger is based on a refined spatial matching between tracks and
0.2× 0.2 EM trigger towers as well as on the information on the EM fraction of the clusters
and their isolation. Finally, invariant mass and angular criteria are applied to select J/ψ
dielectron decays.
Efficiencies and rates for this trigger have been estimated using ISAJET generated
events overlaid with 2 extra interactions. Trigger rates at the nominal Run II luminosity
are expected to be below 1 kHz at Level 1 and about 150 Hz at Level 2. The expected yield
of triggered B0d → J/ψ K0s events is 15× 103 for an integrated luminosity of 2 fb−1.
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Chapter 5
The BTeV Detector
R. Kutschke, for the BTeV Collaboration [1]
5.1 Introduction
On May 15, 2000 the BTeV Collaboration submitted their proposal [2] to the Fermilab
management and on June 27, 2000 the Fermilab director announced that BTeV experiment
had been given Stage I approval. The information given in this chapter is abstracted
from that proposal. Much additional information is available in the proposal, including
the physics case for the experiment, a detailed description of the proposed detector, a
description of the simulation tools used to evaluate the detector design, a summary of the
physics reach, a cost estimate and extensive appendices.
This chapter will discuss the reasons for choosing a forward detector, followed by
overviews of the detector, the simulation tools and the analysis software. Some illustra-
tive results will also be included. As discussed in section 2.4 of this report, all BTeV event
yields were computed under the presumption that the cross-section for bb¯ production at the
Tevatron is 100 µb. All effieciencies and background levels were computed for an average 2
interactions per beam crossing, which corresponds to a luminosity of 2×1032 cm−2s−1 and
an interval of 132 ns between beam crossings.
5.2 Rationale for a Forward Detector at the Tevatron
The BTeV detector is a double arm forward spectrometer which covers from 10 to 300 mrad,
with respect to the colliding beam axis.1 It resembles a pair of fixed target detectors
arranged back-to-back. In Section 2.1 of the BTeV proposal [2] the reasons for this choice
are explained in detail; a summary is presented here.
According to QCD calculations of b quark production, there is a strong correlation
between the B momentum and pseudorapidity, η. Near η of zero, βγ ≈ 1, while at larger
values of |η|, βγ can easily reach values well beyond 6. This is important because the mean
decay length increases with βγ and, furthermore, the momenta of the decay products are
larger, suppressing multiple scattering errors. As discussed in section 2.8.1 this is most
important in the trigger.
1BTeV refers to both the proton direction and the antiproton directions as forward.
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Figure 5.1: A sketch of the BTeV detector. The two arms are identical.
A crucially important attribute of bb¯ production at hadron colliders is that the η of
the b hadron and that of its companion b¯ hadron are strongly correlated: when the decay
products of a b-flavored hadron are within the acceptance of one arm of the spectrometer,
the decay products of the accompanying b¯ are usually within the acceptance of the same
arm of the detector. This allows for reasonable levels of flavor tagging.
The long B decay length, the correlated acceptance for both b hadrons and the suppres-
sion of multiple scattering errors make the forward direction an ideal choice.
5.3 Detector Description
A sketch of the BTeV detector is shown in Fig. 5.1. The geometry is complementary to
that used in current collider experiments. The detector looks similar to a fixed target
experiment, but has two arms, one along the proton direction and the other along the
antiproton direction.
The key design features of BTeV include:
• A dipole located on the IR, which gives BTeV an effective “two arm” acceptance;
• A precision vertex detector based on planar pixel arrays;
• A detached vertex trigger at Level 1 that makes BTeV efficient for most final states,
including purely hadronic modes;
• Excellent particle identification using a Ring Imaging Cherenkov Detector (RICH);
• A high quality PbWO4 electromagnetic calorimeter capable of reconstructing final
states with single photons, πo’s, η’s or η′’s; it can also identify electrons;
• Precision downstream tracking using straw tubes and silicon microstrip detectors,
which provide excellent momentum and mass resolution;
• Excellent identification of muons using a dedicated detector with the ability to supply
a dimuon trigger; and
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• A very high speed and high throughput data acquisition system which eliminates the
need to tune the experiment to specific final states.
Each of these key elements of the detector is discussed in detail in Part II of the proposal [2]
and is discussed briefly below.
5.3.1 Dipole Centered on the Interaction Region
A large dipole magnet, bending vertically and with a 1.6 T central field, is centered on
the interaction region. This is the most compact way to provide momentum measurements
in both arms of the spectrometer. Moreover the pixel detector is inside the magnetic
field, which gives the Detached Vertex Trigger the capability of rejecting low momentum
tracks. Such tracks undergo large multiple Coulomb scattering and might sometimes be
misinterpreted as detached tracks.
5.3.2 The Pixel Vertex Detector
In the center of the magnet there is a silicon pixel vertex detector. This detector serves two
functions: it is an integral part of the charged particle tracking system, providing accurate
vertex information for the offline analysis; and it delivers very clean, precision space points
to the BTeV vertex trigger.
BTeV has tested prototype pixel devices in a test beam at Fermilab. These devices
consist of 50 µm × 400 µm pixel sensors bump-bonded to custom made electronics chips,
developed at Fermilab. The position resolution achieved in the test beam is shown in
Fig. 5.2; overlayed on that figure is resolution function used in the Monte Carlo simulation.
The measured resolution is excellent and exceeds the requirement of 9 µm.
The critical quantity for a b experiment is L/σL, where L is the distance between the
primary (interaction) vertex and the secondary (decay) vertex, and σL is its error. The
efficacy of this geometry is illustrated by considering the distribution of the resolution on
the B decay length, L, for the decay Bo → π+π−. Fig. 5.3 shows the r.m.s. error in the
decay length as a function of momentum; it also shows the momentum distribution of the
B’s accepted by BTeV. The following features are noteworthy:
• The B’s used by BTeV peak at p = 30 GeV/c and average about 40 GeV/c.
• The mean decay length is equal to 450 µm × p/MB .
• The error on the decay length is smallest near the peak of the accepted momentum
distribution. It increases at lower values of p, due to multiple scattering, and increases
at larger values of p due to the smaller angles of the Lorentz-boosted decay products.
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Figure 5.2: The resolution achieved in the test beam run using 50 µm wide pixels
and an 8-bit ADC (circles) or a 2-bit ADC (squares), compared with the simulation
(line).
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Figure 5.3: The B momentum distribution for Bo → π+π− events (dashed) and
the error in decay length σL as a function of momentum.
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Process Eff. (%)
Minimum bias 1
Bs → D+s K− 74
B0 → D∗+ρ− 64
B0 → ρ0π0 56
B0 → J/ψKs 50
Bs → J/ψK∗o 68
B− → D0K− 70
B− → Ksπ− 27
B0 → 2-body modes 63
(π+π−,K+π−,K+K−)
Table 5.1: Level 1 trigger efficiencies for minimum-bias events and for various
processes of interest. For the minimum bias events the efficiency is quoted as a
percentage of all events but for the signal channels the efficiencies are quoted as a
percentage of those events which pass the offline analysis cuts. All trigger efficiencies
are determined for an average of two interactions per crossing.
5.3.3 The Detached Vertex Trigger
It is impossible to record data from each of the 7.5 million beam crossings per second. A
prompt decision, colloquially called a “trigger,” must be made to record or discard the
data from each crossing. The main BTeV trigger is provided by the silicon pixel detector.
The Level 1 Vertex Trigger inspects every beam crossing and, using only data from the
pixel detector, reconstructs the primary vertices and determines whether there are detached
tracks which could signify a B decay. Since the b’s are at high momentum, the multiple
scattering of the decay products is minimized, allowing for triggering on detached heavy
quark decay vertices.
With outstanding pixel resolution, it is possible to trigger efficiently at Level 1 on a
variety of b decays. The trigger has been fully simulated, including the pattern recognition
code. Table 5.1 summarizes the results of the trigger simulations. The trigger efficiencies
are generally above 50% for the b decay states of interest and at the 1% level for minimum
bias background. The efficiencies for signal channels are quoted as a percentage of events
which pass the offline analysis cuts. This is an appropriate statistic because most of the
b decays are not useful for doing physics: their decay products lie outside of the fiducial
volume of the detector, their decay lengths are not long enough, their decay products can be
ambiguously assigned to several candidate vertices and so on. Separate Monte Carlo runs
were performed to measure overall event rates and bandwidth requirements and to ensure
that the trigger is efficient for generic b and c decays.
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Figure 5.4: The efficiency to detect the fast K− in the reaction Bs → D+s K−
versus the rate to misidentify the π− from Bs → D+s π− as a K−.
5.3.4 Charged Particle Identification
Charged particle identification is an absolute requirement for an experiment designed to
study the decays of b and c quarks. The relatively open forward geometry has sufficient space
to install a Ring Imaging Cherenkov detector (RICH), which provides powerful particle ID
capabilities over a broad range of momentum. The BTeV RICH detector must separate
pions from kaons and protons in a momentum range from 3 to 70 GeV/c. The lower
momentum limit is determined by soft kaons useful for flavor tagging, while the higher
momentum limit is given by two-body B decays. Separation is accomplished using a gaseous
freon radiator to generate Cherenkov light in the optical frequency range. The light is then
focused by mirrors onto Hybrid Photo-Diode (HPD) tubes. To separate kaons from protons
below 10 GeV/c an aerogel radiator will be used.
As an example of the usefulness of this device, Fig. 5.4 shows the efficiency for detecting
the K− in the decay Bs → D+s K− versus the rejection for the π− in the decay Bs → D+s π−.
One sees that high efficiencies can be obtained with excellent rejections.
5.3.5 Electromagnetic Calorimeter
In BTeV, photons and electrons are detected when they create an electromagnetic shower in
crystals of PbWO4, a dense and transparent medium that produces scintillation light. The
amount of light is proportional to the incident energy. The light is sensed by photomultiplier
tubes (or possibly hybrid photodiodes). The crystals are 22 cm long and have a small
transverse cross-section, 26 mm × 26 mm, providing excellent segmentation. The energy
and position resolutions are exquisite,
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Figure 5.5: The radial distribution of generated and detected photons from Bo →
K∗γ and the resulting efficiency. The detector response was simulated by GEANT
and clusters of hit crystals were formed by the BTeV clustering software. This
software is derived from software used for the Crystal Ball and CLEO experiments.
The charged tracks from the K∗ were required to hit the RICH. The simulation was
run at 2 interactions/crossing.
σE
E
=
√
(1.6%)2
E
+ (0.55%)2 , (5.1)
σx =
√
(3500 µm)2
E
+ (200 µm)2 , (5.2)
where E is in units of GeV. This leads to an r.m.s. πo mass resolution between 2 and 5
MeV/c2 over the πo momentum range 1 to 40 GeV/c.
The crystals are designed to point at the center of the interaction region. They start at
a radial distance of 10 cm with respect to the beam-line and extend out to 160 cm. They
cover ∼210 mrad. This is smaller than the 300 mrad acceptance of the tracking detector;
the choice was made to reduce costs. For most final states of interest, this leads to a loss of
approximately 20% in signal.
At 2 interactions per crossing the calorimeter has a high rate close to the beam pipe,
where the reconstruction efficiency and resolution is degraded by overlaps with other tracks
and photons. As one goes out to larger radius, the acceptance becomes quite good. This
can be seen by examining the efficiency to reconstruct the γ in the decay Bo → K∗γ,
K∗ → K−π+. For this study the decay products of the K∗ are required to reach the RICH
detector. Fig. 5.5 shows the radial distributions of the generated γ’s, the reconstructed
γ’s and the γ efficiency. The shower reconstruction code, described in Chapter 12 of the
proposal, was developed from that used for the CLEO CsI calorimeter; for reference, the
efficiency of the CLEO barrel electromagnetic calorimeter is 89%.
5.3.6 Forward Tracking System
The other components of the charged-particle tracking system are straw-tube wire propor-
tional chambers and, near the beam where occupancies are high, silicon microstrip detectors.
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These devices are used primarily for track momentum measurement, Ks detection and the
Level 2 trigger. These detectors measure the deflection of charged particles by the BTeV
analyzing magnet and give BTeV excellent mass and momentum resolution for charged
particle decay modes.
5.3.7 Muon Detection
Muon detection is accomplished by insisting that the candidate charged track penetrate
several interaction lengths of magnetized iron and insuring that the momentum determined
from the bend in the toroid matches that given by the main spectrometer tracking system.
The muon system is also used to trigger on the dimuon decays of the J/ψ. This is important
not only to gather more signal but as a cross check on the efficiency of the main trigger,
the Detached Vertex Trigger.
5.3.8 Data Acquisition System
BTeV has a data acquisition system (DAQ) which is capable of recording a very large
number of events. The full rate of B’s whose decay products are in the detector is very
high, over 1 kHz. The rate from direct charm is similar. Some other experiments are forced
by the limitations of their data acquisition system to make very harsh decisions on which
B events to accept. BTeV can record nearly all the potentially interesting B and charm
candidates in its acceptance. Therefore it can address many topics that might be discarded
by an experiment whose DAQ is more restrictive. Since nature has a way of surprising
us, the openness of the BTeV trigger and the capability of the DAQ are genuine strengths
which permit the opportunity to learn something new and unanticipated.
5.4 Simulation and Analysis Tools
The physics reach of BTeV has been established by an extensive and sophisticated program
of simulations, which is described in detail in Part III of the BTeV proposal [2]. For this
study pp¯ → bb¯X events were generated using PYTHIA [3] and the b hadrons were decayed
using QQ. These packages are discussed in chapter 2 of this report. To model the detector
response to these events, two detector simulation packages have been used, BTeVGeant and
MCFast. BTeVGeant is a GEANT [4] based simulation of the BTeV detector which contains
a complete description of the BTeV geometry including the materials needed for cooling,
support and readout. GEANT models all physical interactions of particles with material
and allows us to see the effects of hard to calculate backgrounds. Most of the results
presented in this report were obtained using BTeVGeant. Some of the results presented
here, and all earlier BTeV results, were obtained using MCFast [5], a fast parameterized
simulation environment which allows the user to quickly change the detector design without
the need to do any coding. BTeVGeant writes an MCFast geometry file which describes the
same detector in simplified fashion; in this way the number, size and resolution of detector
elements is synchronized between the two simulation tools. MCFast models the most of the
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processes that GEANT does, energy loss, multiple scattering, pair creation, bremstrahlung,
and hadronic interactions, but in a simplified fashion; for example some of the detector
components are described by simpler shapes, the model of multiple scattering is purely
gaussian and the model of energy deposition in the calorimeter is parametric.
Chapter 13 of the proposal shows quantitative comparisons between MCFast and
BTeVGeant. From these studies one sees that MCFast is a reliable tool for computing res-
olutions, efficiencies and the level of backgrounds which arise from real tracks; the slower,
more complete, BTeVGeant is necessary when occupancies and event confusion are the
critical issues.
In most circumstances the simulations are done at the hit level, not at the digitization
level. That is, the simulation packages produce smeared measurements, not a stream of de-
vice addresses and digitized pulse heights thta simulate the raw, experimental data stream.
Digitization level simulations have been done to address the issue of required bandwidth at
various levels of the trigger and DAQ systems.
For some of the physics studies presented in this report very high statistics Monte Carlo
runs were required to reliably estimate the background level. These studies were performed
on a farm of 500 MHz dual Pentium III Linux machines; over a period of 3 months an
average of about 30 machines ( 60 CPUs ) per day were available. To give one example,
over a period of about 1 month, 4.5 million generic bb¯ events were produced to investigate
backgrounds in the channel B0 → ρπ.
Brief descriptions of simulation and analysis software for some specific subsystems were
given in section 5.3 of this report. References to the relevant TDR sections were also given.
In order to make this report a little more stand alone, a few more details are given below.
5.4.1 Tracking and Track Fitting Software
In both packages the simulation code keeps track of which tracking hits were created by
which particles. This information is not used by the trigger code, which does full pattern
recognition, but it is used to check the results of the trigger package and to debug it. Both
simulation packages smear pixel hits using resolution functions with non-gaussian tails that
were measured in the test beam. Hits in the other tracking detectors are modeled with
gaussian resolution functions.
In the offline analysis package no pattern recognition is done; instead the Monte Carlo
truth table is used to collect all of the hits which belong on a track. Each hit list is then
Kalman filtered to give the track parameters and their covariance matrix in the neigh-
borhood of the interaction region. Extrapolating from the excellent performance of the
pattern recognition in the trigger, the final pattern recognition codes are expected to be be
highly efficient and to find few false tracks; therefore the approximation of perfect pattern
recognition gives a reliable estimate of what BTeV will achieve.
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5.4.2 Electromagnetic Calorimeter Software
BTeVGeant does a complete development of electromagnetic and hadronic showers in all
materials and follows the products of these showers into neighbouring detector volumes.
When a track or photon within a shower traverses one of the PbWO4 crystals, BTeVGeant
deposits energy from that track or photon in the crystal. The total energy deposited in
crystal is summed over each beam crossing and a parametric function is then used to
convert the total deposited energy into a measured energy plus the error on the measured
energy. For each crystal, a record is kept of how much energy was deposited for which track.
This information is only used to characterize and debug the reconstruction code — it is not
used by the reconstruction code.
When modelling shower development, it is necessary to stop tracing new particles when
their energy drops below some cut-off. If these cut-off values are set too high, then the
showers are too narrow, resulting in artificially clean events and artificially good energy
resolution. If, on the other hand, these cut-off values are set too low, then simulations are
prohibitively slow. The studies done to resolve of these tradeoffs are discussed in detail in
Section 12.1.5 of the BTeV proposal. The final result is that, because adequate CPU power
was available, no significant compromises in the quality of the simulation were necessary.
MCFast does the same calorimeter bookkeeping as BTeVGeant but the model of shower
development is parametric, rather than a detailed following of each generation of particles.
Both packages create identical data structures so that the same shower reconstruction and
user analysis codes will work on events from both simulation packages.
5.4.3 Trigger Simulation Software
Chapter 9 of the proposal describes the overall plan for the trigger and it describes in detail
the algorithm for the Level 1 Detached Vertex Trigger. This algorithm has been coded in
C and is callable from by user code within either BTeVGeant or MCFast. A few pieces of
the code have been ported to the target DSP’s and carefully timed. The rest is written in
a high level language for ease of algorithm development.
Similarly a prototype for the Level 2 trigger has also been coded. Since Level 2 will run
on standard processes, the code represents a true prototype, and is not just a clone of the
algorithm.
The physics analyses presented in the BTeV Proposal [2] and in this report have been
used as models for possible Level 3 algorithms.
The trigger results presented in Table 5.1, and the results presented in chapters 6
through 8 were obtained using this trigger simulation software.
5.4.4 RICH Software
For most of the results presented in this workshop, nominal RICH efficiencies and misiden-
tification probabilities were used. It was assumed that if a reconstructed track contained a
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hit in the chambers between the RICH and the EMCal, then that track could be identified
by the RICH.
In a few selected analyses, notably, Bs → DsK, a more detailed simulation was used.
For this analysis tracks passing through the RICH generated photons which were prop-
agated through the aerogel and chamber gas and reflected from the mirror. They were
then propagated to the detector plan where a model of the HPD efficiency was applied. A
pattern recognition algorithm was then run to find Cherenkov rings from the list of HPD
hits. Particle ID decisions were made using these reconstructed rings. The physics reach
predicted by these simulations is presented in chapter 6.
5.5 Flavor Tagging
Section 2.6 of this report describes the flavor tagging strategies which are available to B
physics experiments at the Tevatron. In Chapter 15 of the BTeV proposal presents a
preliminary study of the tagging power which can be achieved with the BTeV detector.
This section will summarize the results of that study. Mixing of the opposite side B meson
has not yet been included in the results shown here. The upcoming sections describe the
algorithms used for tagging, and tagging powers which they achieve are summarized in
Table 5.2.
5.5.1 Away Side Tagging
Three different away side tagging methods have been studied, lepton tagging, kaon tagging
and vertex charge tagging. The first step in all three methods is to select tracks which are
detached from all primary vertices in the event. In events with multiple primary vertices,
detached tracks are only considered if they are associated with the same primary vertex as
is the signal candidate.
5.5.1.1 Lepton Tagging
The lepton tagging algorithm must deal with possible wrong-sign tags which result from
the cascade b→ c→ ℓ+. Because leptons from b→ ℓ− and b→ c→ ℓ+ have quite different
transverse momentum (pT ) distributions, good separation can be achieved. If there was
more than one lepton tag candidate in an event, the highest pT lepton was chosen to be the
tag.
Candidates for muon tags were selected from the detached track list if they had a
momentum greater than 4.0 GeV/c. A tagging muon with pT > 1.0 GeV/c was considered
to be from the process b→ ℓ−, while one with pT < 0.5 GeV/c was considered to be from
the process b→ c→ ℓ+, thereby flipping the sign of the tag.
Candidates for electron tags were selected using a parametrized electron efficiency and
hadron misidentification probability. The tagging lepton was required to have pT > 1.0
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GeV/c and was always assumed to come from the process b→ ℓ−. There were not enough
MC events to study electrons from b→ c→ ℓ+.
5.5.1.2 Kaon Tagging
Because of the large branching ratio for b → c → K−X, kaon tagging is the most potent
tagging method at e+e− B factories. At BTeV, in which the multiplicity of the underlying
event is much greater, excellence in both particle identification and vertex resolution is
required to exploit kaon tagging. Both are strong points of the forward detector geometry.
Candidates for kaon tags were selected from the secondary track list if they were iden-
tified as kaons in the RICH detector. If there was more than one kaon tag candidate in an
event, the kaon with the largest normalized impact parameter with respect to the primary
vertex was selected.
5.5.1.3 Vertex Charge Tagging
In this method a search was made for a detached vertex which is consistent with being from
the charged decay products of the other b. The charge of that vertex determines the charge
of the b. When the opposite side b hadronizes into a B¯0 or a B¯0s , the tagging vertex has a
neutral charge and there is no useful vertex tagging information in the event. However this
method has the advantage that it is not affected by mixing of the away side b.
Tracks from the secondary list were accepted provided they had pT > 100 MeV/c and
provided they had ∆η < 4 with respect to the direction of the signal B0 candidate. The
tracks from the secondary list were sorted into candidate vertices and only vertices with
a detachment of at least 1.0σ from the primary vertex were accepted. If more than one
vertex was found in an event, the one with the highest transverse momentum was selected;
if no secondary vertices passed the selection cuts and if there was at least one track with
pT > 1.0 GeV/c, then the highest pT track was selected. If the charge of the selected vertex
is non-zero, then it determines the flavor of the away side b.
This tagging method is similar to jet charge tagging used by other experiments but
BTeV has not yet investigated the possibility of weighting the tracks by their momenta.
5.5.1.4 Combining Away Side Tagging Methods
In many events, several of the same side tagging methods may give results; moreover it can
happen that two methods will give contradictory answers. BTeV has not yet optimized the
method of combining all tagging information but have used the following simple algorithm.
The methods were polled in decreasing order of dilution and the first method to give an
answer was accepted. That is, if lepton tagging gave a result, the result was accepted; if
not, and if kaon tagging gave a result, the kaon tag was accepted; if not, and if the vertex
charge tagging gave a result, the vertex charge tag was accepted.
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5.5.2 Same Side Tagging
BTeV has studied the power of same side kaon tagging for Bs mesons. For this study tracks
were selected provided they had a momentum greater than 3.0 GeV/c, were identified as
kaons in the RICH and had an impact parameter with respect to the primary vertex less
than 2 σ. It was further required that the system comprising the Bs candidate plus the
candidate tagging track have an invariant mass less than 7.0 GeV/c2. If more than one
track passed these cuts, then the track closest in φ to the Bs direction was selected.
For same side tagging of Bd events BTeV expects to use B
∗∗ decays. This study is at an
early, conceptual stage. The flag in Pythia to turn on B∗∗ production has not been used.
Instead BTeV has used a sample of simulated B → ψKs decays and has selected events in
which the B and the next pion in the generator track list have an invariant mass in the
range 5.6 - 5.8 GeV/c2. It was assumed that 30% of these events will come from B∗∗ decays
and therefore be right sign tags. The remainder 70% of the events were assumed to have
an equal number of right sign and wrong sign tags.
5.5.3 Summary of Tagging
The results from the tagging study are summarized in Table 5.2. These results are pre-
liminary and one should be aware that all algorithms have yet to exploit the full power
available to them. In particular, the vertexing information has yet to be fully exploited.
For example, the b→ ℓ− and b→ c→ ℓ+ samples differ not only in their pT spectra; they
have distinctly different topological properties. Similarly, kaon tagging can be improved if
there is evidence that the kaon comes from a tertiary vertex, indicative of the b→ c→ K−
cascade. Finally, the vertex charge algorithm should expect to find two vertices on the
away side, the b decay vertex and the c decay vertex; the charge of both vertices provides
tagging power. Other tagging methods have yet to be studied such as using a D∗ from
the decay of the opposite side B. Finally, we have not yet explored the optimal use of the
correlations among all of the methods. Therefore, the results quoted in Table 5.2 probably
underestimate the tagging power of BTeV, even though they do not yet incorporate mixing
on the away side. Therefore the BTeV results quoted in this report are presented using
nominal values of ǫ = 0.7 and D = 0.37, giving ǫD2 = 0.1. The studies presented in the
present chapter should be regarded as evidence that these nominal values lie well within
the ultimate reach of the experiment.
5.6 Schedule
The BTeV program is an ambitious one. Its goal is to begin data taking in 2005/6. This
timing is well-matched to the world B physics program. The e+e− B factories and the
Fermilab collider experiments will have had several years of running, the first results in,
and their significance thoroughly digested. It should be clear what the next set of goals is
and BTeV will be guaranteed to be well-positioned to attack them. This schedule also gives
BTeV a good opportunity to have a head start in its inevitable competition with LHC-b,
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Tag Type ǫ D ǫD2
Muon 4.5% 0.66 2.0%
Electron 2.3% 0.68 1.0%
Kaon 18% 0.52 4.9%
Vertex Charge 32% 0.36 4.1%
Same Side Kaon 40% 0.26 2.6%
Same Side Pion 88% 0.16 2.2%
Total for Bs 14.6 %
Total for Bd 14.2 %
Total for Bs with overlaps 65% 0.37 8.9%
Table 5.2: Results of first generation studies of tagging power in BTeV. In the text
it is discussed that these studies are incomplete and that they likely underestimate
the tagging power which can be realized.
especially since BTeV can be installing and operating components of its detector in the
collision hall well in advance of 2005. Finally, this schedule is sensibly related to BTeV’s
plan to conduct a rigorous R&D program which includes a sequence of engineering runs
to test the technically challenging systems in the BTeV design. We believe that the scale
of the BTeV construction effort is comparable to the scale of one of the current detector
upgrades. The time scale is comparable as well.
5.7 Conclusions
BTeV is a powerful and precise scientific instrument capable of exquisite tests of the Stan-
dard Model. It has great potential to discover new physics via rare or CP violating decays
of heavy quarks. Details of the physics reach of BTeV and can be found in chapters 6
through 9 of this report and a summary table can be found in the executive summary [6]
of the BTeV Proposal.
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Chapter 6
CP Violation
D. Atwood, S. Bailey, W. Bell, J. Butler, A. Cerri, S. Donati, A. Falk, S. Gardner,
Y. Grossman, R. Jesik, P.A. Kasper, R. Kutschke, G. Majumder, P. Maksimovic´, Y. Nir,
L. Nogach, M. Paulini, M. Petteni, M. Procario, G. Punzi, H. Quinn, K. Shestermanov,
G. Signorelli, J. Silva, T. Skwarnicki, S. Stone, A. Vasiliev, B. Wicklund, F. Wu¨rthwein,
J. Yarba, K. Yip
6.1 Introduction †
CP violation is still one of the least tested aspects of the Standard Model. Many extensions
of the Standard Model predict that there are new sources of CP violation, beyond the single
Kobayashi-Maskawa phase in the CKM mixing matrix for quarks. Considerations related
to the observed baryon asymmetry of the Universe imply that such new sources must exist.
The experimental study of CP violation is then highly motivated.
For 37 years, CP violation has only been observed in the neutral K-meson system.
Very recently, the first observations of CP violation in the B-meson system have been
reported by the e+e− B factories [1] providing the first tests of the Standard Model picture
of CP violation. In the near future, more experimental tests will be performed including
the Tevatron experiments. The greater the variety of CP violating observables measured,
the more stringently will the Standard Model be tested. If deviations from the Standard
Model predictions are observed, the information from different meson decays will provide
crucial clues for the type of new physics that can account for such deviations.
This situation makes the search for CP violation in the B0s decays highly interesting.
B0s mesons cannot be studied at the B-factories operating at the Υ(4S) resonance. Hadron
colliders, on the other hand, with their high statistics, provide an opportunity to measure
CP violation in the B0s system with high accuracy in addition to allowing studies of certain
B0 modes.
In the context of the Standard Model, the main goal is to measure the phases of CKM
elements accurately. These are conveniently described as angles of unitarity triangles. In
particular, all relevant phases can be expressed in terms of two large angles,
β ≡ arg
(
−VcdV
∗
cb
VtdV
∗
tb
)
, γ ≡ arg
(
−VudV
∗
ub
VcdV
∗
cb
)
, (6.1)
†Authors: A. Falk, Y. Grossman, Y. Nir, H. Quinn.
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and two small angles,
βs ≡ arg
(
−VtsV
∗
tb
VcsV ∗cb
)
= O(λ2), βK ≡ arg
(
− VcsV
∗
cd
VusV ∗ud
)
= O(λ4), (6.2)
where λ = 0.22 is the Wolfenstein parameter. CP violation in B0s decays allows, in partic-
ular, a determination of γ and βs.
Much of the following discussion is based on Refs. [2–4] where more details can be found.
6.1.1 B0
s
–B¯0
s
Mixing
Here we introduce only what is needed to define notations that are important for CP vi-
olation. B0s mixing and measurements to determine it are discussed in Chapter 8. A B
0
s
meson is made from a b-type antiquark and an s-type quark, while the B¯0s meson is made
of a b-type quark and an s-type antiquark. The heavy, BHs , and light, B
L
s , mass eigenstates
can be written as linear combinations of B0s and B¯
0
s :
|BLs 〉 = p|B0s 〉+ q|B¯0s 〉,
|BHs 〉 = p|B0s 〉 − q|B¯0s 〉, (6.3)
with
|q|2 + |p|2 = 1. (6.4)
In writing (6.3), we assume CPT conservation and use of part of the freedom to re-phase
the meson states:
|Bs〉 → eiζ |Bs〉,
|B¯s〉 → eiζ¯ |B¯s〉. (6.5)
The mass difference ∆ms and width difference ∆Γs are defined as follows:
∆ms ≡MH −ML, ∆Γs ≡ ΓL − ΓH , (6.6)
so that ∆ms > 0 by definition and the Standard Model prediction is that ∆Γs > 0. The
average mass and width are given by
MB0s ≡
MH +ML
2
, Γs ≡ ΓH + ΓL
2
. (6.7)
It is useful to define dimensionless ratios xs and ys:
xs ≡ ∆ms
Γs
, ys ≡ ∆Γs
2Γs
. (6.8)
The time evolution of the mass eigenstates is simple, following from the fact that they
have well defined masses and decay widths:
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|BHs (t)〉 = e−iMH t e−ΓH t/2|BHs 〉,
|BLs (t)〉 = e−iMLt e−ΓLt/2|BLs 〉. (6.9)
The time evolution of the strong interaction eigenstates is complicated and obeys a Schro¨-
dinger-like equation:
i
d
dt
(
Bs
B¯s
)
=
(
M − i
2
Γ
)(
Bs
B¯s
)
, (6.10)
where M and Γ are Hermitian 2× 2 matrices. The off-diagonal elements in these matrices
are not invariant under the re-phasing (6.5),
M12 → ei(ζ¯−ζ)M12, Γ12 → ei(ζ¯−ζ)Γ12. (6.11)
Therefore, physical parameters can only depend on |M12|, |Γ12| and arg(M12Γ∗12). Indeed,
the relations between the parameters in the mass eigenbasis and in the interaction eigenbasis
can be written as follows:
(∆ms)
2 − 1
4
(∆Γs )
2 = 4|M12|2 − |Γ12|2,
∆ms∆Γs = −4Re (M12Γ∗12), (6.12)
and
q
p
= −∆ms +
i
2∆Γs
2M12 − iΓ12 . (6.13)
6.1.2 B0
s
Decays
We define the decay amplitudes for B0s and B¯
0
s into a final state f :
Af ≡ 〈f |B0s 〉, A¯f ≡ 〈f |B¯0s 〉. (6.14)
In addition to their dependence on the re-phasing (6.5), these amplitudes are affected by
re-phasing of |f〉,
|f〉 → eiζf |f〉. (6.15)
Under (6.5) and (6.15), we have
Af → ei(ζ−ζf )Af , A¯f → ei(ζ¯−ζf )A¯f , q/p → ei(ζ−ζ¯)q/p. (6.16)
We learn that of the three complex parameters, Af , A¯f and q/p, one can construct three
real quantities,
|Af |, |A¯f |, |q/p|, (6.17)
and one phase, that is the phase of
λf ≡ q
p
A¯f
Af
, (6.18)
that are phase-convention independent and, consequently, could be observable. Note that
|λf | = |q/p| × |A¯f/Af | is not independent of the parameters of (6.17), but arg(λf ) is.
Report of the B Physics at the Tevatron Workshop
140 CHAPTER 6. CP VIOLATION
6.1.3 CP Violation
The CP transformation interchanges B0s and B¯
0
s :
1
CP |B0s 〉 = eiξ|B¯0s 〉, CP |B¯0s 〉 = e−iξ|B0s 〉. (6.19)
The phase ξ is not invariant under the re-phasing (6.5),
ξ → ξ + ζ − ζ¯ . (6.20)
We also define f¯ to be the CP conjugate state of f :
CP |f〉 = eiξf |f¯〉, CP |f¯〉 = e−iξf |f〉. (6.21)
CP is a good symmetry if there exist some phases ξ and ξf such that the Lagrangian
is left invariant under (6.19) and (6.21). For CP to be a good symmetry of the mixing
process, it is required then that
M∗12 = e
2iξM12, Γ
∗
12 = e
2iξΓ12. (6.22)
In terms of the observable parameters in Eq. (6.17), this gives the condition
|q/p| = 1. (6.23)
For CP to be a good symmetry of the decay processes, it is required that
A¯f¯ = e
i(ξf−ξ)Af , Af¯ = e
i(ξf+ξ)A¯f . (6.24)
In terms of the observable parameters in Eq. (6.17), this results in the condition
|A¯f¯/Af | = |A¯f/Af¯ | = 1. (6.25)
Finally, for CP to be a good symmetry of processes that involve both mixing and decay, it
is required that
λfλf¯ = 1. (6.26)
For final CP eigenstates fCP , such that |f¯CP 〉 = ±|fCP 〉, the condition (6.26) translates
into |λfCP | = 1, which just combines (6.23) and (6.25), and
ImλfCP = 0. (6.27)
Violation of each of the three conditions for CP symmetry, (6.23), (6.25) and (6.27),
corresponds to a different type of CP violation:
1. CP violation in mixing, which occurs when the BHs and B
L
s mass eigenstates cannot
be chosen to be CP eigenstates:
|q/p| 6= 1. (6.28)
1Unless specified otherwise we use the phase convention ξ = pi throughout this report, see Sect. 1.3.1.
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2. CP violation in decay, when the B0s → f and B¯0s → f¯ decay amplitudes have different
magnitudes:
|A¯f¯/Af | 6= 1. (6.29)
3. CP violation in interference between decays with and without mixing, which occurs
in decays into final states that are common to B0s and B¯
0
s :
Im (λfλf¯ ) 6= 0. (6.30)
In particular, for final CP eigenstates,
ImλfCP 6= 0. (6.31)
The effects of CP violation in mixing in the B0s system are small. The lower bound on
∆ms [5] as of August 2001,
∆ms ≥ 14.6 ps−1, (6.32)
and the measured B0s lifetime [6],
τ(B0s ) = (1.46 ± 0.06) ps, (6.33)
imply that |Γ12/M12| ≤ O(0.05). For |Γ12/M12| ≪ 1, we have (see (6.13))∣∣∣∣qp
∣∣∣∣− 1 = −12 Im
(
Γ12
M12
)
. (6.34)
Therefore, experimental data give |q/p| − 1 ≤ O(0.1). Moreover, Γ12 comes from long
distance contributions, where effects of new physics are expected to be negligible. Conse-
quently, the Standard Model calculation of Γ12 [7], which yields values of ∆Γs /Γs between
O(0.15) [8] and O(0.05) [9], is expected to hold model independently. Within the Standard
Model, Im (Γ12/M12) is further suppressed by the smallness of βs, the relative phase be-
tween Γ12 and M12 defined in Eq. (6.2). We conclude that the deviation of |q/p| from unity
is very small:
Im (Γ12/M12)
{≤ O(10−2) model independent,
= O(10−4) standard model. (6.35)
We can therefore safely neglect CP violation in mixing, and we do so from here on.
6.1.4 Tagged Decays
We consider the time evolution of a state |Bs(t)〉 (|B¯s(t)〉) which was tagged as |Bs〉 (|B¯s〉)
at time t = 0. The time evolution can be read from Eqs. (6.3) and (6.9):
|Bs(t)〉 = g+(t)|Bs〉+ (q/p)g−(t)|B¯s〉,
|B¯s(t)〉 = (p/q)g−(t)|Bs〉+ g+(t)|B¯s〉, (6.36)
where
g±(t) ≡ 1
2
(
e−iMLte−ΓLt/2 ± e−iMH te−ΓH t/2
)
. (6.37)
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Then, we get the following decay rates:
Γ[Bs(t)→ f ] = |Af |2
{
|g+(t)|2 + |λf |2|g−(t)|2 + 2Re [λfg∗+(t)g−(t)]
}
,
Γ[Bs(t)→ f¯ ] = |A¯f¯ |2
∣∣∣∣qp
∣∣∣∣2 {|g−(t)|2 + |λ−1f¯ |2|g+(t)|2 + 2Re [λ−1f¯ g+(t)g∗−(t)]} ,
Γ[B¯s(t)→ f ] = |Af |2
∣∣∣∣pq
∣∣∣∣2 {|g−(t)|2 + |λf |2|g+(t)|2 + 2Re [λfg+(t)g∗−(t)]} ,
Γ[B¯s(t)→ f¯ ] = |A¯f¯ |2
{
|g+(t)|2 + |λ−1f¯ |2|g−(t)|2 + 2Re
[
λ−1
f¯
g∗+(t)g−(t)
]}
. (6.38)
Assuming |q/p| = 1, we find
Af (t) = Γ[B¯s(t)→ f ]− Γ[Bs(t)→ f ]
Γ[B¯s(t)→ f ] + Γ[Bs(t)→ f ]
= −
(
1− |λf |2
)
cos(∆ms t)− 2 Imλf sin(∆ms t)
(1 + |λf |2) cosh(∆Γs t/2)− 2Reλf sinh(∆Γs t/2) . (6.39)
Consider cases where the decay amplitudes are each dominated by a single weak phase.
Then
|Af | = |A¯f¯ |, |Af¯ | = |A¯f |, (6.40)
and
λf = |λf |ei(φf+δf ), λ−1f¯ = |λf |ei(−φf+δf ), (6.41)
where φf (δf ) is the relevant weak (strong) phase. Eqs. (6.38) can be rewritten for this
case as follows:
Γ[Bs(t)→ f ] = |Af |
2e−Γs t
2
{
(1 + |λf |2) cosh(∆Γs t/2) + (1− |λf |2) cos(∆ms t)
−2|λf | cos(δf + φf ) sinh(∆Γs t/2)− 2|λf | sin(δf + φf ) sin(∆ms t)} ,
Γ[Bs(t)→ f¯ ] = |Af |
2e−Γs t
2
{
(1 + |λf |2) cosh(∆Γs t/2)− (1− |λf |2) cos(∆ms t)
−2|λf | cos(δf − φf ) sinh(∆Γs t/2) + 2|λf | sin(δf − φf ) sin(∆ms t)} ,
Γ[B¯s(t)→ f ] = |Af |
2e−Γs t
2
{
(1 + |λf |2) cosh(∆Γs t/2)− (1− |λf |2) cos(∆ms t)
−2|λf | cos(δf + φf ) sinh(∆Γs t/2) + 2|λf | sin(δf + φf ) sin(∆ms t)} ,
Γ[B¯s(t)→ f¯ ] = |Af |
2e−Γs t
2
{
(1 + |λf |2) cosh(∆Γs t/2) + (1− |λf |2) cos(∆ms t)
−2|λf | cos(δf − φf ) sinh(∆Γs t/2)− 2|λf | sin(δf − φf ) sin(∆ms t)} .
(6.42)
When the final state is a CP eigenstate, CP symmetry requires λfCP = ηf = ±1, where
ηf is the CP parity of the final state. Since the ratio (6.39) vanishes for λf = ±1, we con-
clude that AfCP is an appropriate definition of the CP asymmetry in the B0s → fCP decay.
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When the decay process into a final CP eigenstate is dominated by a single CP violating
phase or by a single strong phase, we have no CP violation in decay, |A¯fCP /AfCP | = 1. Con-
sequently, for such modes, CP violation is purely a result of interference between decays
with and without mixing and the expression for the CP asymmetry simplifies considerably:
AfCP (t) =
Γ[B¯s(t)→ fCP ]− Γ[Bs(t)→ fCP ]
Γ[B¯s(t)→ fCP ] + Γ[Bs(t)→ fCP ]
=
ImλfCP sin(∆ms t)
cosh(∆Γs t/2) − ReλfCP sinh(∆Γs t/2)
. (6.43)
Experimentally, the value of ys ≡ ∆Γs /(2Γs) is not yet known. As long as experimental
errors are large compared to ∆Γs /Γs, it is valid to use the simpler formulae that apply for
the case ys = 0. In this approximation using, for consistency, |q/p| = 1, Eqs. (6.38) simplify
as follows:
Γ[Bs(t)→ f ] = |Af |2e−Γst
{
cos2
(
∆ms
2
t
)
+ |λf |2 sin2
(
∆ms
2
t
)
− Im (λf ) sin(∆mst)
}
,
Γ[Bs(t)→ f¯ ] = |A¯f¯ |2e−Γst
{
sin2
(
∆ms
2
t
)
+ |λ−1
f¯
|2 cos2
(
∆ms
2
t
)
+ Im (λ−1
f¯
) sin(∆mst)
}
,
Γ[B¯s(t)→ f ] = |Af |2e−Γst
{
sin2
(
∆ms
2
t
)
+ |λf |2 cos2
(
∆ms
2
t
)
+ Im (λf ) sin(∆mst)
}
,
Γ[B¯s(t)→ f¯ ] = |A¯f¯ |2e−Γst
{
cos2
(
∆ms
2
t
)
+ |λ−1
f¯
|2 sin2
(
∆ms
2
t
)
− Im (λ−1
f¯
) sin(∆mst)
}
.
(6.44)
If, in addition, Eqs. (6.40) and (6.41) hold, that is for decay channels that are dominated
by a single weak phase, the expressions (6.44) for the decay rates are further simplified:
Γ[Bs(t)→ f ] = |Bf |2e−Γst
{
1 + adir cos (∆mst)−
√
1− a2dir sin(φf + δf ) sin(∆mst)
}
,
Γ[Bs(t)→ f¯ ] = |Bf |2e−Γst
{
1− adir cos (∆mst)−
√
1− a2dir sin(φf − δf ) sin(∆mst)
}
,
Γ[B¯s(t)→ f ] = |Bf |2e−Γst
{
1− adir cos (∆mst) +
√
1− a2dir sin(φf + δf ) sin(∆mst)
}
,
Γ[B¯s(t)→ f¯ ] = |Bf |2e−Γst
{
1 + adir cos (∆mst) +
√
1− a2dir sin(φf − δf ) sin(∆mst)
}
,
(6.45)
where
Bf =
1
2
(1 + |λf |2)Af , adir = 1− |λf |
2
1 + |λf |2 . (6.46)
Finally, if f in (6.45) is a CP eigenstate, then
|AfCP | = |A¯fCP |, |λfCP | = 1, δfCP = 0. (6.47)
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Consequently, we get:
Γ[Bs(t)→ fCP ] = |AfCP |2e−Γt {1− sin(φfCP ) sin(∆mst)} ,
Γ[B¯s(t)→ fCP ] = |AfCP |2e−Γt {1 + sin(φfCP ) sin(∆mst)} . (6.48)
The CP asymmetry defined in Eq. (6.43) is then given by
AfCP (t) = −ImλfCP sin(∆ms t),
ImλfCP = sinφfCP . (6.49)
6.1.5 Untagged Decays
The expectation that ys ≡ ∆Γs /(2Γs) is not negligible, opens up the interesting possibility
to learn about CP violation from untagged B0s decays [10]. The untagged decay rates are
given by
Γf (t) ≡ Γ[Bs(t)→ f ] + Γ[B¯s(t)→ f ]
=
1
2
|Af |2e−Γs t
{(
1 +
∣∣∣∣pq
∣∣∣∣2
)[(
1 + |λf |2
)
cosh
∆Γs t
2
− 2Reλf sinh ∆Γs t
2
]
+
(
1−
∣∣∣∣pq
∣∣∣∣2
)[(
1− |λf |2
)
cos(∆ms t)− 2Imλf sin(∆ms t)
]}
= |Af |2e−Γs t
[(
1 + |λf |2
)
cosh
∆Γs t
2
− 2Reλf sinh ∆Γs t
2
]
, (6.50)
where for the last equality we used |q/p| = 1.
Consider now the case of an untagged decay into a final CP eigenstate. For channels
that are dominated by a single weak phase, we have |λfCP | = 1. For time t <∼ 1/Γs, we can
rewrite (6.50) to first order in ys:
Γf (t) = 2|Af |2e−Γs t [1− ysReλf (Γs t)] . (6.51)
The sensitivity to CP violation is through the dependence on ReλfCP , and therefore requires
that ys is not very small.
6.1.6 Some Interesting Decay Modes
In this section we describe several B0s decay channels that will provide useful information
on CP violation. We give examples of CP violation in the interference of decays with and
without mixing for both final CP eigenstates and final non CP eigenstates, and CP violation
in decay for final CP eigenstates. We do not discuss CP violation in mixing in semileptonic
decays, because the effect is expected to be very small. A recent review of many interesting
aspects of CP violation in B0s decays can be found in [11].
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6.1.6.1 B0s → J/ψφ
The CP asymmetry in the B0s → J/ψφ decay is subject to a clean theoretical interpretation
because it is dominated by CP violation in interference between decays with and without
mixing. The branching ratio has been measured [12]:
B(B0s → J/ψφ) = (9.3± 3.3) × 10−4. (6.52)
The quark sub-process b¯→ c¯cs¯ is dominated by the W -mediated tree diagram:
A¯J/ψφ
AJ/ψφ
= −ηJ/ψφ
(
VcbV
∗
cs
V ∗cbVcs
)
. (6.53)
The penguin contribution carries a phase that is similar to (6.53) up to effects of O(λ2) ∼
0.04. Hadronic uncertainties enter the calculation then only at the level of a few percent.
Note that since J/ψ and φ are vector-mesons, the CP parity of the final state, ηJ/ψφ,
depends on the relative angular momentum, and the asymmetry may be diluted by the
cancellation between even- and odd-CP contributions. It is possible to use the angular
distribution of the final state to separate the CP parities. The decay may be dominated by
the CP even final state. If this is established, the CP asymmetry is more readily interpreted.
As concerns the mixing parameters, the Standard Model gives
q
p
= −
(
VtsV
∗
tb
V ∗tsVtb
)
. (6.54)
Deviations from a pure phase are of O(10−4) and were neglected in (6.54).
Combining (6.53) and (6.54) into (6.18), we find
ImλJ/ψφ = (1− 2fodd) sin 2βs , (6.55)
where βs is defined in Eq. (6.2) and fodd is the fraction of CP odd final states. We learn
the following:
(i) A measurement of the CP asymmetry in B0s → J/ψφ will determine the value of the
very important CKM phase βs (see (6.43) or (6.49)) [13].
(ii) The asymmetry is small, of order of a few percent, and may be even further diluted
by cancellation between CP odd and CP even contributions.
(iii) An observation of an asymmetry that is significantly larger than O(λ2) will provide
an unambiguous signal for new physics. Specifically, it is likely to be related to new,
CP violating contributions to B0s -B¯
0
s mixing [14].
6.1.6.2 B0s → J/ψK
0
S
Interference between tree and penguin contributions to B0s decays is often sensitive to the
CKM phase γ of Eq. (6.1). Since the angle γ is much more difficult to determine than β
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(sin 2β will be determined cleanly from the CP asymmetry in B0 → J/ψK0S), the sensitivity
of B0s decays to this angle is highly interesting. On the other hand, since this interference
effect is a manifestation of CP violation in decay, its calculation involves hadronic param-
eters that are poorly known. It is possible, however, to use various B0 decays that are
related by flavour SU(3) symmetry to the corresponding B0s decays to determine both γ
and the hadronic parameters. More precisely, the relevant symmetry is U -spin, that is an
SU(2) subgroup that interchanges d and s quarks. U -spin breaking effects, like all SU(3)
breaking effects, are not particularly small (∼ mK/ΛχSB) or well known, and will limit the
accuracy of this determination. Note, however, that since the s and d quarks have both
charge −1/3, electroweak penguins do not break this symmetry.
Proposals for such a determination of CKM phases and hadronic parameters have been
made for b¯ → c¯cd¯(s¯) decays, such as B0s → J/ψK0S (B0 → J/ψK0S) [15], for b¯ → c¯cs¯(d¯)
decays, such as B0s → D+s D−s (B0 → D+D−) [15], and for b¯ → u¯us¯(d¯) decays, such as
B0s → K+K− (B0 → π+π−) [16]. To demonstrate the sensitivity of B0s decays to γ and the
need to use additional information to overcome the hadronic uncertainties, we will discuss
the B0s → J/ψK0S mode and mention only very briefly the other two channels.
Measuring CP violation in the B0s → J/ψK0S decay will be useful for the extraction of
the CKM phase γ and will provide an estimate of the size of penguin uncertainties in the
extraction of β from B0 → J/ψK0S [15]. There is no experimental information on this mode
yet. Theoretical estimates give
B(B0s → J/ψK0S) = O(2× 10−5). (6.56)
The quark sub-process, b¯ → c¯cd¯ has contributions from a tree diagram with a CP vi-
olating phase arg(V ∗cbVcd), and three types of penguin diagrams with CP violating phases
arg(V ∗qbVqd), for q = u, c, t. Using CKM unitarity, one can write
A¯J/ψK0
S
AJ/ψK0
S
= −ηJ/ψK0
S
(
A1VcbV
∗
cd +A2e
iθVubV
∗
ud
A1V ∗cbVcd +A2e
iθV ∗ubVud
)(
VudV
∗
us
V ∗udVus
)
. (6.57)
Here, A1 and A2 are real and θ is the relative strong phase shift. The last factor on the
right hand side of Eq. (6.57) comes from K-K¯ mixing, since that is essential in producing
a K0S meson from the outgoing K
0 and K¯0 mesons. The small measured value of ǫK
guarantees that this factor is essentially model independent [14].
Since A2/A1 is not particularly small, and there is no reason to assume that θ is small,
|λJ/ψK0
S
| = |A¯J/ψK0
S
/AJ/ψK0
S
| (we use |q/p| = 1) could significantly differ from unity:
|λJ/ψK0
S
|2 − 1 ≈ 4 A2
A1
∣∣∣∣VubVudVcbVcd
∣∣∣∣ sin θ sin γ. (6.58)
The deviation of |λJ/ψK0
S
| from unity can be measured (see Eq. (6.39)). We learn from
Eq. (6.58) that any non-zero value of |λJ/ψK0
S
|2 − 1 requires non-zero sin γ, but that to
extract the value of this fundamental parameter, we need to know the hadronic parameters,
A2/A1 and sin θ. U -spin symmetry relates these hadronic parameters to corresponding ones
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in the B0 → J/ψK0S decay. Consequently, measurements of various observables in both the
B0s → J/ψK0S and B0 → J/ψK0S decays will allow us to extract the phase γ as well as
the hadronic parameters [15]. This extraction is model independent, with accuracy that
depends on the size of U -spin breaking.
A similar analysis applies to the B0s → D+s D−s and B0 → D+D− decays [15], and to the
B0s → K+K− and B0 → π+π− decays [16]. For the B0s → D+s D−s decay, the experimental
upper bound is [17]
B(B0s → D+s D−s ) ≤ 0.218, (6.59)
while theoretical estimates give [15]
B(B0s → D+s D−s ) = O(8× 10−3). (6.60)
For the B0s → K+K− decay, the experimental upper bound is [18]
B(B0s → K+K−) ≤ 5.9 × 10−5, (6.61)
while theoretical estimates give [16]
B(B0s → K+K−) = O(1.4 × 10−5). (6.62)
6.1.6.3 B0s → D
±
s K
∓
Final D±s K
∓ states are different from the states that we discussed so far in this section
because they are not CP eigenstates. Yet, both B0s and B¯
0
s can decay into either of these
states, and therefore CP violation in the interference of decays with and without mixing
affects the time dependent decay rates. Consequently, it is possible to use the four time
dependent decay rates to extract the angle γ [19].
The quark sub-processes are b¯ → c¯us¯, b¯ → u¯cs¯, and the two CP -conjugate processes.
These are all purely tree-level processes. It is important that the ratio between the magni-
tudes of the CKM combinations is of order one:
Ru ≡
∣∣∣∣VubVcsVcbVus
∣∣∣∣ = 0.41 ± 0.05. (6.63)
The interference effects, which are crucial for this measurement, are large.
For the CP violating parameters, we have:
λD+s K− = ρ
(
VtsV
∗
tb
V ∗tsVtb
)(
VcbV
∗
us
V ∗ubVcs
)
,
λD−s K+ =
1
ρ
(
VtsV
∗
tb
V ∗tsVtb
)(
VubV
∗
cs
V ∗cbVus
)
, (6.64)
where ρ is related to strong interaction physics. From Eq. (6.39) (or from (6.38)) it is clear
that measurements of the four time dependent decay rates would allow a determination of
both λD+s K− and λD−s K+. Then we can find
λD+s K−λD−s K+ =
(
VtsV
∗
tb
V ∗tsVtb
)2 (VcbV ∗cs
V ∗cbVcs
)(
VubV
∗
us
V ∗ubVus
)
= exp[−2i(γ − 2βs − βK)]. (6.65)
Report of the B Physics at the Tevatron Workshop
148 CHAPTER 6. CP VIOLATION
We learn that a measurement of the four decay rates will determine γ − 2βs, up to very
small corrections of O(βK).
There is no experimental information on this mode at present. The theoretical estimates
give [19]:
B(B0s → D−s K+) = O(2.4× 10−4),
B(B0s → D+s K−) = O(1.4× 10−4). (6.66)
6.1.7 Penguins in B Decays: General Considerations
As discussed above, CP violating asymmetries are often of particular experimental interest
because of their simple dependence on the weak phase of the quantum mechanical amplitude
of a decay. This is most useful for probing fundamental physics if this weak phase can be
related reliably to the phase of an element of the CKM matrix. This is difficult to do if there
are two or more distinct quark-level transitions with different CKM structure which can
mediate the decay. For reasons which will be clear momentarily, this problem is commonly
known as “penguin pollution.”
To illustrate the problem, let us take a simplified version of a concrete example. Consider
the decay B0 → π+π−, which requires the quark-level transition b¯ → uu¯d¯. The leading
contributions to this transition are from a product of two weak currents, b¯Lγ
µuL u¯LγµdL,
and from a one-loop operator induced by a virtual t quark, b¯γµT ad u¯γµT
au. These two
pieces carry distinct weak phases, and the overall amplitude is of the form (notation in this
section is adapted from Ref. [20])
A(B0 → π+π−) = VudV ∗ubM (u) + VtdV ∗tbM (t) = eiγT + e−iβP . (6.67)
Here the notations T and P are inspired by the fact that the leading contributions to the
two terms have tree and penguin topologies, but it is important to understand that (6.67)
is in fact a general decomposition of the amplitude in terms of the weak phases eiγ and
e−iβ. Note that M (u) and M (t) depend on both short-distance and long-distance physics.
The long-distance parts, for which the leading contributions are
M (u) ∝ 〈π+π−| b¯LγµuL u¯LγµdL |B0〉 ,
M (t) ∝ 〈π+π−| b¯γµT ad u¯γµT au |B0〉 , (6.68)
depend on nonperturbative strong interactions and are not yet amenable to calculation from
first principles. Since the two contributions to the amplitude have different weak phases
and, in general, different strong phases, there is the possibility not only of CP violation in
the interference between decays with and without mixing, but also of CP violation in the
decay itself. The time-dependent CP violating asymmetry takes the general form
ACP (t) = adir cos∆mt−
√
1− a2dir sin 2αeff sin∆mt , (6.69)
where adir was defined in Eq. (6.46). In the limit P = 0, we have adir = 0 and αeff =
α = π − β − γ. As can be seen from Eq. (6.69), the quantities adir and αeff may be
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extracted directly from the time-dependent experimental analysis. To determine α from
these measurements one needs to know also the ratio |P/T | [20]:
cos(2α− 2αeff ) = 1√
1− a2dir
[
1−
(
1−
√
1− a2dir cos 2αeff
) ∣∣∣∣PT
∣∣∣∣2
]
. (6.70)
In the absence of either an experimental bound on or a theoretical calculation of |P/T |, it
is not possible to extract α cleanly from a measurement of ACP (t).
Whether or not it is possible to constrain |P/T | in some way depends entirely on the
process under consideration. The literature on proposals for doing so is extensive. At this
point, we make a number of general comments:
(i) The essential problem is that the CP violating phase of the decay amplitude is not
known, because it depends on |P/T |, which depends in turn on hadronic physics. (State-
ments about overall weak phases should be understood in the context of some definite phase
convention.)
(ii) The ratio |P/T | itself depends on CKM matrix elements, but this only complicates
the form of the constraints on the Unitarity Triangle without introducing further uncer-
tainties.
(iii) The two contributions with different weak phases, denoted T and P above, are
commonly called “tree” and “penguin” contributions. This is something of a misnomer.
There are three penguin diagrams, each with a different weak phase, but one of these
weak phases can be rewritten in terms of the other two phases using unitarity of the CKM
matrix. Thus the charm quark “penguin” contribution to B0 → π+π−, proportional to
VcdV
∗
cb = −VudV ∗ub−VtdV ∗tb, is absorbed into both T and P in (6.67), while the up “penguin”
provides a contribution solely to T .
(iv) Similarly, it is irrelevant whether a penguin with a light quark in the loop is thought
of as a “penguin” or a “rescattering” contribution. This terminology is often used in the
context of modeling hadronic matrix elements, but in fact there is no physically meaningful
distinction between the two processes.
(v) There are, in fact, two sorts of penguin diagrams which contribute to B decays:
“gluonic” penguins and “electroweak” penguins. Although the electroweak penguins are
typically much smaller, in general they may not be neglected. The two types of pen-
guins typically induce transitions with distinct flavour (e.g. isospin) structures, which can
complicate or even invalidate proposals to bound penguin contributions through flavour
symmetries. The relative importance of electroweak penguins depends on the decay under
consideration.
(vi) In the case above, the contributions to P are suppressed by
rPT ≈ αs
12π
ln
m2t
m2b
= O(0.1). (6.71)
Note that αs ln(m
2
t /m
2
b) is not a small factor and appears at leading logarithmic order
in RG-improved perturbation theory. In other cases, penguin contributions might also be
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suppressed by powers of the CKM suppression factor λ. If |P/T | can be shown to be
very small, then it is not necessary to know it precisely. However, typically even |P/T | of
the order of 10-20% is significant enough to require a constraint or calculation with high
confidence.
(vii) Any new physics terms, whatever their weak phases, can always be written as a
sum of two terms with weak phases γ and −β. The impact of new physics is thus only to
change the ratio of |P/T | from that expected in the SM. We learn from this that we are
only sensitive to new physics in cases where we have some knowledge of the ratio |P/T |.
For example, in cases where relationships between channels, such as those from isospin or
SU(3), can be used to determine or constrain the ratio P/T in a given channel from that in
another, one is sensitive to any new physics that does not respect this flavour symmetry [21].
6.1.8 Penguins in B0 → J/ψK0S
The process B0 → J/ψK0S is one in which the penguin contribution turns out to be relatively
harmless, and it is instructive to begin by seeing why this is so.
The decay is mediated by the quark transition b¯ → cc¯s¯. The dominant contribution
is from tree level W exchange, proportional to VcsV
∗
cb. In the Wolfenstein parameteriza-
tion, VcsV
∗
cb is real and of order λ
2. In analogy to (6.67) it is convenient to choose the
decomposition
A(B0 → J/ψK0S) = TJ/ψK + eiγPJ/ψK . (6.72)
The leading penguin diagram has a virtual t quark in the loop and is proportional to
rPTVtsV
∗
tb (see Eq. (6.71)), which up to the rPT -factor is the same size as VcsV
∗
cb. However,
if we use unitarity to write VtsV
∗
tb = −VcsV ∗cb−VusV ∗ub, we see that βs = arg(−VtsV ∗tb/VcsV ∗cb)
is small, of order |VusV ∗ub/VcsV ∗cb| = O(λ2). Therefore this penguin diagram actually con-
tributes mostly to TJ/ψK in the decomposition (6.72); the contribution to |PJ/ψK/TJ/ψK |
is of order rPTλ
2, below the level of 1%. The other potentially dangerous contribution
is from the u penguin, proportional to VusV
∗
ub. The weak phase of this term is e
iγ , but
its magnitude is O(λ4). Hence its contribution to |PJ/ψK/TJ/ψK | is also of order rPTλ2.
Finally, the c penguin diagram is proportional to VcsV
∗
cb and contributes only to TJ/ψK .
The “penguin pollution” in B0 → J/ψK0S is thus below the level of 1%, even though
penguin diagrams themselves contribute at a higher level. Since the weak phase of A(B0 →
J/ψK0S) is known to high accuracy, the time-dependent CP asymmetry in this mode pro-
vides a clean extraction of a parameter in the CKM matrix (in this case, sin 2β). Only new
physics effects could lead to a significant difference between the asymmetry measured in
this decay and sin 2β. This example illustrates nicely the fact that the real issue is how well
we know the weak phase of the decay amplitude. The inclusion of electroweak penguins,
which have the same phase structure, does not change the argument.
6.1.9 Penguins in B0 → ππ
The penguin contributions in B0 → π+π− are a much more difficult problem, one which
has received intense attention in recent years. Much of what has been learned is collected
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in Ref. [20]. We parameterize
A(B0 → π+π−) = eiγTππ + e−iβPππ . (6.73)
The leading contribution to Tππ comes from W exchange and is proportional to VudV
∗
ub;
in addition, Tππ gets a contribution from penguin diagrams with a virtual u quark. The
leading contribution to Pππ is from a t penguin diagram, proportional to VtdV
∗
tb. Since both
|VudV ∗ub| and |VtdV ∗tb| are of order λ3, |Pππ/Tππ| is suppressed only by the the factor rPT . If
nonperturbative QCD enhances the hadronic matrix element in Pππ as compared to that
in Tππ, then the penguin contribution might be significant enough to pollute the extraction
of α.
One may make a rough estimate of |Pππ/Tππ| from the decay B0 → K+π−, which is
convenient to parameterize by
A(B0 → K+π−) = eiγTKπ + PKπ . (6.74)
In this case, the leading contribution to TKπ is of order |VusV ∗ub| = O(λ4), while the t penguin
piece of PKπ is of order |VtsV ∗tb| = O(λ2), times a loop factor. Hence one might expect that if
QCD enhances the penguin contribution to B → ππ, then B → Kπ would be dominated by
penguin processes. Let us make the following assumptions for the moment: (i) flavour SU(3)
symmetry in the QCD matrix elements; (ii) electroweak penguins and “color suppressed”
processes are negligible; (iii) penguins dominate B → Kπ, so TKπ may be ignored in
B(B0 → K+π−); (iv) penguins make a small enough contribution to B → ππ that Pππ may
be ignored in B(B0 → π+π−). Then it is straightforward to derive the relation∣∣∣∣PππTππ
∣∣∣∣ = ∣∣∣∣ PππPKπ
∣∣∣∣ ∣∣∣∣PKπTππ
∣∣∣∣ ≃ ∣∣∣∣VtdVts
∣∣∣∣
√
B(B0 → K+π−)
B(B0 → π+π−) . (6.75)
The current constraints on the Unitarity Triangle yield roughly [22]
0.1 <∼ |Vtd/Vts| <∼ 0.25 . (6.76)
A recent CLEO measurement of the B branching ratios gives [23]
B(B0 → π+π−) = (4.3+1.6−1.4 ± 0.5) × 10−6,
B(B0 → K±π∓) = (17.2+2.5−2.4 ± 1.2) × 10−6 . (6.77)
Thus we obtain the rough estimate
0.2 <∼ |Pππ/Tππ| <∼ 0.5 . (6.78)
More elaborate analyses can somewhat lower the upper bound, but it is clear that penguin
effects are unlikely to be negligible in B → ππ. In view of the shift (6.70) of the measured
α to αeff , the problem of “penguin pollution” in the extraction of α is a serious one.
A variety of solutions to this problem have been proposed, falling roughly into two
classes. Each class requires assumptions, and each has implications for the B physics goals
at Tevatron Run II and beyond.
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The first type of approach is to convert the estimate given above into an actual mea-
surement of |PKπ| from the process B → Kπ. (The list of papers on this subject is long.
Early works include [24–26]. For a much more complete list of references, see Ref. [20].)
Once |PKπ| is known, flavour SU(3) is used to relate |PKπ| to |Pππ|. One must then include
a number of additional effects:
(i) Electroweak penguins. The effects of these are calculable [27].
(ii) Color suppressed and rescattering processes. These must be bounded or estimated
using data and some further assumptions.
(iii) SU(3) corrections. Some, such as fK/fπ, can be included, but SU(3) corrections
generally remain a source of irreducible uncertainty.
(iv) Better knowledge of |Vtd/Vts|. This will be forthcoming from ∆ms/∆md, a crucial
measurement which should be made during Run II.
The SU(3) relations typically take as inputs a variety of modes related to B → ππ
by SU(3) symmetries, such as B0 → (K±π∓,K0π0), B± → (K±π0,K0π±), and B0s →
(K±π∓,K+K−,K0K0). Both CP -averaged rates and CP asymmetries can play a role.
The implication for Run II is that it is very important to measure accurately as many of
these branching fractions, both tagged and untagged, as is possible. Upper bounds on
branching ratios are also important. The choice of the most useful analysis will depend
ultimately on which modes can be measured most accurately.
The second type of approach is to exploit the fact that the penguin contribution Pππ to
B → ππ is pure ∆I = 12 , while the tree contribution Tππ contains a piece which is ∆I = 32 .
This is not true of the electroweak penguins [28], but these and other isospin violating
corrections such as π0-η mixing are expected to be small and only become the dominant
corrections in the case that the penguin effects are also small [29]. Isospin symmetry allows
one to form a relation among the amplitudes for B0 → π+π−, B0 → π0π0 and B+ → π+π0,
1√
2
A(B0 → π+π−) +A(B0 → π0π0) = A(B+ → π+π0). (6.79)
There is also a relation for the charge conjugate processes. A simple geometric construction
then allows one to disentangle the unpolluted ∆I = 32 amplitudes, from which sin 2α may
be extracted cleanly [30].
The key experimental difficulty is that one must measure accurately the flavour-tagged
rate for B0 → π0π0. Since the final state consists only of four photons, and the branching
fraction is expected to be approximately at the level of 10−6, this is very hard. There is as
yet no proposal to accomplish this measurement with any current or future detector. It has
been noted that an upper bound on this rate, if sufficiently strong, would also allow one to
bound Pππ usefully [31].
An alternative is to perform an isospin analysis of the process B0 → ρπ → π+π−π0 [32,
33]. Here one must study the time-dependent asymmetry over the entire Dalitz plot, probing
variously the intermediate states ρ±π∓ and ρ0π0. The advantage here is that final states
with two π0’s need not be considered. On the other hand, thousands of cleanly reconstructed
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events would be needed. A very important question for any future B experiment is whether
it will be capable of performing this measurement.
Finally, one might attempt to calculate the penguin matrix elements, at which point
only more precise information on Vtd is needed in order to know the level of contamination.
Model-dependent analyses are not really adequate for this purpose, since the goal is the
extraction of fundamental parameters. Precise calculations of such matrix elements from
lattice QCD are far in the future, given the large energies of the π’s and the need for an
unquenched treatment. Lattice calculations performed in the Euclidean regime also have
difficulty including final state interactions. Recently, a new QCD-based analysis of the
B → ππ matrix elements has been proposed [34]. The idea originates in the suggestion that
these matrix elements factorize, in a novel sense, for asymptotically large values of mB , an
idea with its roots in the “color transparency” picture of Bjorken. This method is based on
classifying the diagrams in terms of a limited number of unknown functions with calculable
short distance corrections. At present, the phenomenological relevance of this technique for
realistic mB = 5.28 GeV/c
2 is not yet well understood. In particular, it is not yet clear
whether mB is really in the regime where both soft final state interactions and Sudakov
logarithms may be neglected. Furthermore, another recent analysis [35] based on similar
ideas seems to be in substantial disagreement about the details of this factorization. One
may hope that additional progress on this front will be forthcoming.
6.1.10 Penguins in B → Kπ
Analyses analogous to those which constrain |Pππ| through the measurement of |PKπ| may
allow one to extract the CKM matrix element γ through studies of direct CP violation (see
the reviews in [36–38] and references therein). For example, the ratio [27,39]
R∗ =
B(B+ → K0π+) + B(B− → K0π−)
2 [B(B+ → K+π0) + B(B− → K−π0)] (6.80)
is directly sensitive to cos γ, and [40]
R =
B(B0 → K+π−) + B(B¯0 → K−π+)
B(B+ → K0π+) + B(B− → K0π−) (6.81)
can be sensitive to sin γ if R < 1. The spirit of these analyses is to disentangle tree
and penguin contributions through the use of SU(3) symmetry and additional dynamical
assumptions. The theoretical issues are much the same as before: one must find a way to
control electroweak penguins, avoid making too many dynamical assumptions such as the
neglect of rescattering or color suppressed processes, and include SU(3) corrections. The
number of such proposals is extensive and growing. What they typically have in common
is that, as before, they profit from the accurate measurement of a wide variety of charmless
hadronic two-body B0, B+ and B0s decays. In addition to those mentioned above, the modes
B → η(′)K have been proposed for the extraction of γ [41]. The experimental challenge is
to measure or bound as many of these decays as possible, with as much precision as can be
obtained.
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6.1.11 New Physics in B0
s
Mixing
The SM predicts that the CP asymmetries in the leading B0s decays are all very small. Con-
sequently, these asymmetries will constitute good probes of new physics. Since the reason
for the SM prediction is the smallness of the relative phase between the mixing amplitude
and the leading decay amplitudes (βs), there are two possible sources for deviations from
this predictions: new contributions to the decays or new contributions to the mixing. The
leading B0s decay amplitudes are tree level, CKM favored, and therefore relatively large.
In most new physics scenarios there are no competing new contributions to these ampli-
tudes. In contrast, the mixing amplitude is an electroweak loop and thus relatively small.
Indeed, many new physics models accommodate, or even predict, large new CP violating
contributions to B0s mixing [4,42–50].
Since in the SM the B0s mixing amplitude is much larger than the B
0 mixing amplitude,
roughly by a factor of order |Vts/Vtd|2, it may seem that a significant new physics contri-
bution to B0s mixing is always associated with a relatively much larger new contribution to
B0 mixing. This, however, is not always the case. The new contributions to the mixing
are often flavour dependent and might have a hierarchy that is similar to (or even stronger
than) the SM Yukawa structure.
The question that we would like to answer in this section is the following: If there
is a contribution from new physics to B0s mixing that is of magnitude similar to the SM
and relative phase of order one, how can we find it? There are, in principle, many ways
to demonstrate the presence of new physics in B0s mixing. Which ones will be useful
with realistic experimental analyses and theoretical uncertainties depends on some (as yet)
unknown parameters, both of Nature (e.g. ∆ms) and of the experiments. In the following
we discuss several observables that are sensitive to new physics in B0s mixing. For each of
them we explain what are the requirements for the method to be interesting in practice.
New physics effects in B0s mixing can also be found indirectly. A measurement of
∆md/∆ms determines one side of the unitarity triangle in the SM. With new physics, it
may be inconsistent with other constraints on the unitarity triangle. In such a case one does
not know which of the observables are modified by new physics. In the discussion below
we do not elaborate on indirect effects and focus our attention on direct indications of new
physics in B0s mixing.
The relevant effects of new physics can be described by two new parameters, rs and
θs [51–54], defined by
r2se
2iθs ≡ 〈B
0|H fulleff |B¯0〉
〈B0|HSMeff |B¯0〉
, (6.82)
where H fulleff is the effective Hamiltonian including both SM and new physics contributions,
and HSMeff includes only the SM box diagrams. We work in the Wolfenstein parametrization
where, to a good approximation, both VcbV
∗
cs and VtbV
∗
ts are real. In other words, we take
βs = 0. With these convention and approximation, θs is the relative phase between the B
0
s
mixing amplitude and any real amplitude. In particular, the CP asymmetry for decays into
final CP eigenstates that are mediated by b→ cc¯s is given by
aCP = ± sin 2θs, (6.83)
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and also
arg(−Γ∗12M12) = 2θs = φs, (6.84)
where φs is defined in (1.62).
6.1.11.1 Time Dependent CP Asymmetries
The most promising way to discover new physics contributions to M12 is through measure-
ments of the mass difference ∆ms and various time dependent CP asymmetries. Note that
while in the SM ∆ms <∼ 30 ps−1, this may not be the case in the presence of new physics.
A larger value of ∆ms makes its measurement more difficult. For example, a measurement
of the time dependent CP asymmetry in the B0s → J/ψφ channel will directly determine
sin 2θs. If a value that is above the few percent level is found, it would provide a clean sig-
nal of new physics. Note that J/ψφ is not a pure CP eigenstate, and therefore an angular
analysis is required to project out the CP even and CP odd parts and to measure sin 2θs.
However, it may be the case that the presence of new physics can be demonstrated even
without such an analysis. Other time dependent CP asymmetries for transitions mediated
by real quark level decay amplitudes, e.g. B0s → D+(∗)s D−(∗)s , can provide similar tests.
Again, we emphasize that a non vanishing CP asymmetry in the D
(∗)
s D
(∗)
s channel, which
is not a CP eigenstate, is a clean signal for new physics in the B0s mixing amplitude.
If B0s oscillations turn out to be too fast to be traced, the above methods cannot be
applied. Below we describe various other methods that are sensitive to θs and do not require
that the fast oscillations are traced.
6.1.11.2 Time Integrated CP Asymmetries
For the B0 system, one can use time integrated asymmetries. The dilution factor due to
the time integration, D ∼ xq/(1 + x2q) is not very small for xd ∼ 0.7. For the B0s system,
however, xs ≫ 1, leading to a strong dilution of the time integrated asymmetries, D ∼ 1/xs.
In principle, however, the time integrated asymmetry can be measured. Since expected SM
effects are small, any non vanishing asymmetry would be an indication for new physics. The
goal here is not necessarily to make a precise measurement of the asymmetry, but rather
to demonstrate that it is not zero. Assuming, for example, xs ∼ 40, and sin θs ∼ 0.8, the
time integrated asymmetry in B0s → J/ψφ is of O(0.02). If the combined statistical and
systematic experimental error on such asymmetry measurements is below 1%, the presence
of a non vanishing asymmetry can be established.
6.1.11.3 The Width Difference
If the B0s width difference (ys) can be measured, there are more ways to see the effects of
θs [10,55]. Note that new physics in the mixing amplitude always reduces ys compared to
its SM value. This fact can be readily seen from the following equation:
∆Γs = 2|Γ12| cos 2θs. (6.85)
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Since we assume that new physics affectsM12 but not Γ12, the only modification of the right
hand side can be a reduction of cos 2θs compared to its SM value of one. The reduction
of ys can be understood intuitively as follows. In the absence of CP violation, the two
mass eigenstates are also CP eigenstates. The large ∆Γs in the SM is an indication that
most of the b → cc¯s decays are into CP even final states. With CP violation, the mass
eigenstates are no longer approximate CP eigenstates. Then, both mass eigenstates decay
into CP even final states. Consequently, ∆Γs is reduced.
A large enough ys, say O(0.1), would allow various ways of finding a non vanishing
θs [55]. We now discuss one such method which makes use of both flavour specific decays
(semileptonic decays are flavour specific; b→ cu¯d decays are also flavour specific to a very
good approximation) and decays into final CP eigenstates.
The time dependent decay rate of a flavour specific mode, f , is given by:
Γ [f (t)] = Γ
[
f¯ (t)
]
=
Γ (Bs → f)
2
{
e−ΓLt + e−ΓH t
}
. (6.86)
Both ΓH and ΓL and, therefore, also ∆Γs, can be extracted from such a measurement. The
time dependent decay rate into a CP even final state from a b→ ccs transition is given by:
Γ(B → CPeven, t) ∝ cos2 θs e−ΓLt + sin2 θs e−ΓH t. (6.87)
For a decay into a CP odd state, ΓL and ΓH are interchanged. In principle, a three
parameter fit of a decay into a CP even state can be used to measure Γ, ∆Γ and θs using
Eq. (6.87). Even if this cannot be done in practice, θs can be measured by comparing the
measurements of ∆Γ from flavour specific decays and CP eigenstate decays. Experimentally,
most of the data are expected to be taken for small Γ t. Then, using ∆Γ t≪ 1, Eq. (6.87)
becomes
Γ(B → CPeven, t) ∝ e−Γ+ t , Γ+ ≡
(
Γ +
∆Γ | cos 2θs|
2
)
. (6.88)
Using Γ and ∆Γ as measured from the flavour specific data, a one parameter fit to the decay
rate gives θs. Actually, such a fit determines
2(Γ+ − Γ) = ∆Γ | cos(2θs)| . (6.89)
By comparing it to the real width difference, ∆Γ, we get
| cos 2θs| = 2(Γ+ − Γ)
∆Γ
. (6.90)
This method would be particularly useful if θs is neither very small nor very large. For
θs ∼ π/4 the width difference becomes too small to be measured. For θs ∼ 0 the required
precision of the measurement is very high.
6.1.11.4 The Semileptonic CP Asymmetry
The semileptonic asymmetry, asl, which is sensitive to θs [56–60], does not require a mea-
surement of either xs or ys. In the SM, asl is very small:
asl ≈ Im (Γ12/M12) = |Γ12/M12| × sin 2θs = O(10−4). (6.91)
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With new physics, the first factor, |Γ12/M12| = O(10−2), cannot be significantly enhanced,
but the second, sin 2θs, could. Actually, if sin 2θs ∼ 1 the semileptonic asymmetry is
expected to be of O(10−2). Since in the SM asl is negligibly small, any observation of a
non vanishing asymmetry is a clear signal for new physics. Whether such a measurement is
possible depends, among other things, on the actual value of the asymmetry: a factor of a
few in one or the other direction can make a significant difference as the purely experimental
systematic uncertainties are expected to be at the percent level.
6.2 Study of B0 → J/ψK0S
In the following sections, we report the results of studying the prospects of the CDF, DØ
and BTeV experiments for measuring CP violation in different B decay modes. The outline
of the following sections consists of a brief theoretical introduction to the particular decay
modes of interest, the prospects of the three Tevatron experiments (not all detectors are
capable of measuring all modes and we do not necessarily have always reports from all three
experiments) followed by a brief summary. We start with the study of B0 → J/ψK0S .
6.2.1 B0 → J/ψK0
S
: Introduction †
As discussed in the introduction in Sec. 6.1 (see Sec. 6.1.6.2 and 6.1.8), a single weak phase
dominates the decay B0 → J/ψK0S , so that the CP asymmetry in this channel is dominated
by the interference between decays with and without B-B¯ mixing. Identical considerations
apply to the study of B0s → J/ψφ. Assuming the CKM matrix to be unitary, there are two
distinct decay topologies, characterized by the CKM matrix elements VcsV
∗
cb and VusV
∗
ub,
indicating CP violation in direct decay to be suppressed by O(λ2). Nevertheless, the two
decays are sensitive to different CKM information. We find for B0s → J/ψφ
λJ/ψφ = ηJ/ψφ
(
V ∗tbVts
VtbV
∗
ts
)(
VcbV
∗
cs
V ∗cbVcs
)
⇒ ImλJ/ψφ = sin 2βs . (6.92)
The first set of CKM factors reflects B0s -B¯
0
s mixing in the Standard Model, whereas the
second set reflects those of the assumed dominant decay topology in b¯→ c¯cs¯. As discussed
in Section 6.1.6.2, we obtain for B0 → J/ψK0S
λJ/ψK0
S
= ηJ/ψK0
S
(
V ∗tbVtd
VtbV
∗
td
)(
VcbV
∗
cs
V ∗cbVcs
)(
V ∗cdVcs
VcdV ∗cs
)
⇒ ImλJ/ψK0
S
= sin 2β , (6.93)
where the first set of CKM factors now reflects B0-B¯0 mixing and the second set reflects
those of the dominant decay topology in b¯ → c¯cs¯. Finally, the third set reflects K-K¯
mixing necessary to realize the K0S final state. Indeed, K-K¯ mixing must occur in order
to generate interference between the B0 → J/ψK0 and B¯0 → J/ψK¯0 decay channels. We
have assumed, as in the B0s case, that B
0-B¯0 mixing is controlled by a pure phase. The
†Authors: S. Gardner and R. Jesik.
Report of the B Physics at the Tevatron Workshop
158 CHAPTER 6. CP VIOLATION
quality of this assumption is likely to be less impressive than in the B0s case. Nevertheless,
it still ought to be good with (|q/p| − 1) < O(10−2) [61]. In the case of K-K¯ mixing, the
deviation of |q/p| from unity is empirically known; the non-zero semileptonic asymmetry
[Γ(KL → π−ℓ+νℓ)−Γ(KL → π+ℓ−ν¯ℓ)]/[Γ(KL → π−ℓ+νℓ)+Γ(KL → π+ℓ−ν¯ℓ)] implies that
|q/p| − 1 ∼ −3 · 10−3 [62]. Thus K-K¯ mixing can also be typified by a pure phase. The
top quark contribution to K-K¯ mixing is strongly suppressed by CKM factors, so that the
charm quark determines (q/p)K . Note that βs is itself O(λ2), whereas β is O(1). Thus, an
asymmetry ACP in B0s → φK0S considerably larger than O(λ2) would signal the presence of
new physics in B0s -B¯
0
s mixing.
In the case of B0s → J/ψφ, the CP of the final state depends on the partial wave in which
the vector mesons sit, so that an analysis of the angular distribution is required in order
to extract weak phase information [13]. The information encoded in the time-dependent
angular distributions of B → V V decays can be quite rich, and an angular analysis of
B0/+(t)→ J/ψ(→ ℓ+ℓ−)K∗(→ π0K0S) [13,63–65] is sensitive to cos 2β as well [13,66]. The
expected determination of sin 2β from ACP in B0 → J/ψK0S leaves a four-fold discrete
ambiguity in the angle β, so that the determination of cos 2β [54,67,68] plays an important
role in resolving the value of β itself. Unfortunately, cos 2β appears in conjunction with a
signed hadronic parameter. However, under the assumption of U -spin symmetry, the latter
can be extracted from the CP asymmetry in B0s → J/ψφ, so that cos 2β can be determined
as well [66].
Since both decay modes B0 → J/ψK0S and B0s → J/ψφ are very similar from an
experimental point of view (trigger and reconstruction efficiencies), we will focus in the
following experimental sections on describing the strategies to reconstruct B0 → J/ψK0S
and give estimates for sin 2β. We will add the estimates for B0s → J/ψφ event yields as
appropriate.
6.2.2 B0 → J/ψK0
S
: CDF Report †
For the measurement of sin 2β in the B0 → J/ψK0S channel [69], CDF expects to reconstruct
in 2 fb−1 of data in Run II about 20,000 J/ψK0S events with J/ψ → µ+µ− and K0S → π+π−.
Starting with ∼400 J/ψK0S events [70] reconstructed in 110 pb−1 in Run I, this number is
obtained in the following way. To estimate the increase in J/ψ and J/ψK0S signals, we first
measure the inclusive J/ψ signal yields in each of the Level 2 trigger paths used in Run Ib.
We scale these to Run II conditions with the following modifications:
– 2 fb−1/110 pb−1 for the total Run II integrated luminosity⇒ × 20 gain in event yield
– Assume increase of ×1.1 from √s = 1.8 TeV → 2.0 TeV
– Wider muon stub gates ⇒ × 1.36 gain in efficiency
– Increased muon coverage with CMX miniskirt ⇒ ×1.396 increase
– Remove Run I wedge cuts ⇒ × 1.1 gain in efficiency
†Authors: M. Paulini and B. Wicklund.
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(a) (b)
Figure 6.1: Dependence of CMU-CMU J/ψK0S yields on the lower pT muon thresh-
old at CDF: Run II trigger (top histogram), Run I trigger (bottom histogram). The
points are the B+ → J/ψK+ CMU-CMU signal in Run I. (b) Uncertainty on sin 2β
(left scale) and 5σ reach for xs (right scale) as functions of integrated luminosity.
– Add Run II trigger cuts on mµµT and ∆φ
µµ ⇒ × 0.85 loss in efficiency
– Add lower pµµT threshold of 2.0 → 1.5 GeV/c for central muons (CMU) ⇒ × 2 for
CMU-CMU dimuons
The effects of these cuts were modeled for J/ψK0S Monte Carlo events, to get the relative
change in yield for each modification. Figure 6.1(a) shows the dependence of lowering the
muon pT threshold for the J/ψK
0
S yields in CMU-CMU from a generator-level Monte Carlo
study. The upper histogram is for the proposed Run II trigger with a pT threshold of
1.5 GeV/c, while the lower histogram is the convolution of the Run I CMU-CMU trigger
with the Level 1 stub gate. The solid points are the sideband subtracted yields for the
B+ → J/ψK+ CMU-CMU signal in Run I.
For 2 fb−1 luminosity, this gives a net increase of a factor of ×50 in the J/ψK0S yield
over the 400 events found in Run I. Assuming the same K0S finding efficiency as in Run I,
this yields 20,000 fully reconstructed B0 → J/ψK0S events. CDF also plans to trigger on
J/ψ → e+e−, which would increase the number of J/ψK0S events by ∼50% [69]. The yield
of 20,000 J/ψK0S events thus represents a conservative estimate.
In Run II, CDF expects to improve the effective tagging efficiencies εD2 of the B flavour
tagging methods, as summarized in Table 6.1. The extended lepton coverage with the
completed muon extension systems and the plug calorimeter results in a total εD2 of 1.7%
for lepton tagging. A significant improvement in εD2 ∼ 3% is possible for jet charge
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Flavour tag εD2 Run I εD2 Run II Calib. sample Sample size
Same side tag (1.8 ± 0.4± 0.3)% [70] 2.0% [69] J/ψK∗0 ∼30, 000
Jet charge tag (0.78 ± 0.12 ± 0.08)% [71] 3.0% [69] J/ψK+ ∼50, 000
Lepton tag (0.91 ± 0.10 ± 0.11)% [71] 1.7% [69] J/ψK+ ∼50, 000
Kaon tag – 2.4% [72] J/ψK+ ∼50, 000
Table 6.1: Summary of flavour tagging methods used in the measurement of sin 2β,
the measured εD2 values from Run I and the data samples used to calibrate the
tagging algorithms in Run II.
tagging. The extended coverage of the SVX II detector together with ISL as well as their
improved pattern recognition capabilities will substantially enhance the purity of the jet
charge algorithm. Together with a value of εD2 ∼ 2% assumed for same side tagging, this
yields a total εD2 ∼9.1% in Run II including opposite side kaon tagging made possible with
a Time-of-Flight detector [72]. This results in an error of σ(sin 2β) ∼0.05 on a measurement
of the CP violation parameter sin 2β.
Starting with nominal assumptions on flavour tagging efficiencies and signal-to-back-
ground ratios (S/B), the reach on sin 2β can be calculated as a function of integrated lumi-
nosity. This is shown in Figure 6.1(b) together with the 5σ reach for the B0s B¯
0
s oscillation
parameter xs (right scale).
With respect to estimating the yield of B0s → J/ψφ events in 2 fb−1 in Run II, we
compare the number of observed events in B0s → J/ψφ to the number of B0 → J/ψK0S
events with comparable signal-to-noise in Run I data. Here, we restrict our estimate to
J/ψ events fully reconstructed in the Run I silicon vertex detector. We observe a signal of
about 80 B0s → J/ψφ events in Run I as shown in Figure 6.2. With about 200 B0 → J/ψK0S
events [70] reconstructed in CDF’s Run I silicon detector, we find the number of B0s → J/ψφ
is approximately 40% the number of B0 → J/ψK0S . With 20,000 J/ψK0S events estimated
above, we expect about 8000 B0s → J/ψφ events in 2 fb−1 in Run II.
6.2.3 B0 → J/ψK0
S
: DØ Report †
One of DØ’s primary physics goals is a measurement of CP violation in the golden mode
B0 → J/ψK0S , with J/ψ → µ+µ− and K0S → π+π−. The measured asymmetry is defined
by
ACP = Γ(B
0 → J/ψK0S)− Γ(B0 → J/ψK0S)
Γ(B
0 → J/ψK0S) + Γ(B0 → J/ψK0S)
. (6.94)
Measured as a function of time, the asymmetry is directly related to the CKM angle β:
ACP (t) = sin 2β · sin∆md t. (6.95)
†Authors: R. Jesik and K. Yip.
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Figure 6.2: Reconstructed B0s → J/ψφ events from CDF Run I data with positive
B0s lifetime.
This measurement involves the full reconstruction of the final state, the reconstruction of
the primary and B decay vertices, and a determination of the B flavour at production. The
J/ψ decay into dimuons provides a relatively clean trigger signature. With DØ’s upgraded
muon scintillation counter arrays, these events can be triggered on at the 30% level (see
Chapter 4).
This study is based on a sample of 10,000 Monte Carlo events generated by Pythia plus
QQ. The DØ detector response was obtained with a full GEANT simulation. An average of
1.1 additional minimum bias interactions were added to the generated events. This sample
was also analyzed using MCFAST for comparison.
All of the four tracks comprising the candidate B meson are required to have a hit in
each of the 16 layers of the Central Fiber Tracker (CFT). This effectively forces the tracks
to be confined in the central rapidity range |η| < 1.6. The tracks are also required to have at
least 8 hits in the silicon detector out of a maximum number of 10 hits possible on average.
The CFT hit requirement is dropped for the other tracks in the events. These tracks, which
are used for primary vertex finding and flavour tagging, are reconstructed out to |η| < 3.0.
The trigger for these events requires at least two oppositely charged tracks in the muon
system with matching tracks in the CFT with pT > 1.5 GeV/c. The muon tracks must
pass the track quality cuts mentioned above during offline reconstruction, and the pair must
form a common vertex. The J/ψ vertex defines the B decay vertex in these events. The
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Figure 6.3: Reconstructed (a) J/ψ → µµ and (b) K0S → π+π− invariant mass in
B0 → J/ψK0S events.
reconstructed invariant mass of the muon pairs is shown in Fig. 6.3(a). The momentum of
combinations with a reconstructed invariant mass within 3σ of the nominal J/ψ mass is
re-determined in a kinematic fit with the J/ψ mass constraint imposed.
The most difficult part of the analysis is the reconstruction of the two soft pions from the
K0S decay in the hadronic pp¯ environment with a detector designed to do high pT physics.
At present, DØ’s track finding software only reconstructs tracks with pT greater than
0.5 GeV/c. This is a stringent cutoff for K0S detection. Lowering this threshold has been
shown to be viable for B physics events. It remains to be seen if it will be possible to lower
the momentum threshold for more complicated events, such as tt¯. Thus, we will use the
default cutoff of 0.5 GeV/c for this study. K0S candidates are formed by combining pairs
of oppositely charged tracks which do not point back to the primary vertex – an impact
parameter significance of at least three is required for each track. The track pairs are also
required to form a common vertex downstream of that of the J/ψ. The invariant mass of
these pairs (assuming they are pions) is shown in Fig. 6.3(b). A clear K0S peak is observed,
and track pairs with a reconstructed mass within 3σ of the actual K0S mass undergo a
kinematic fit determining new momentum vectors after imposing the K0S mass constraint.
The K0S candidate’s momentum vector is then required to point back to the J/ψ vertex to
within 3σ, and is combined with that of the mass constraint J/ψ to form the candidate
B momentum, which is then required to point back to the primary vertex.
The invariant mass spectrum of B candidates which pass these criteria is shown in
Fig. 6.4. A clear signal is obtained with a width of about 10 MeV/c2. The corresponding
proper decay time resolution is 90 fs. We obtain a reconstruction efficiency for the entire
decay chain of 8.5%, resulting in 34,000 fully reconstructed B0 → J/ψK0S (J/ψ → µ+µ−,
K0S → π+π−) decays in 2 fb−1 (see Table 6.2). For comparison, the MCFAST study gives
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Figure 6.4: Reconstructed B mass in B → J/ψK0S events after mass and vertex
constraints.
an efficiency of 10%.
The other crucial element in this analysis is tagging the initial flavour of the decaying
B0 meson. One method for doing this makes use of the correlation between the charge of a
nearby pion and the B flavour due to fragmentation or B∗∗ production. This requires the
reconstruction of soft pions from the primary vertex. Two other methods use information
from the other B hadron in the event. If the B decays semileptonically, its flavour is
determined by the charge of the lepton. If not, its flavour can be determined by the pT
weighted net charge of its jet. The effectiveness of a tagging method is quantified by the
effective tagging efficiency εD2, where ε is the tagging efficiency and D is the dilution
factor. D is equal to 2P − 1, where P is the probability that the method tags the B flavour
correctly. Extrapolating from the effective tagging efficiencies measured by CDF in Run I
Integrated luminosity 2 fb−1
σbb¯ 158µb
f(bb¯→ B0, B¯0) 0.8
Kinematic acceptance 0.31
B(B0 → µ+µ−π+π−) 2.0× 10−5
Trigger efficiency 0.30
Reconstruction efficiency 0.085
Number of reconstructed B0 → J/ψK0S 34,000
Effective tagging efficiency (εD2) 0.10
Table 6.2: The expected number of B0 → J/ψK0S events at DØ.
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Flavour tag εD2 CDF Run I εD2 DØ Run II
Same side tag (1.8 ± 0.4± 0.3)% 2.0%
Jet charge tag (0.78 ± 0.12 ± 0.08)% 3.1%
Lepton tag (0.91 ± 0.10 ± 0.11)% 4.7%
Table 6.3: Summary of flavour tagging methods at DØ.
(see Section 6.2.2), DØ expects to achieve an effective tagging efficiency of εD2 ∼ 10%.
The breakdown of the effective tagging efficiency for each of the flavour tagging methods
is shown in Table 6.3. The increase over CDF Run I efficiencies is primarily due to DØ’s
extended rapidity range for tracking and lepton identification.
The accuracy of a time dependent sin 2β measurement is given by:
σ(sin 2β) ≈ ex2dΓ2σ2t
√
1 + 4x2d
2x2d
1√
εD2N
√
1 +
B
S
, (6.96)
where xd and Γ are the mixing parameter and decay width of the B
0, σt is the proper
time resolution (which is about 90 fs), N is the number of reconstructed signal events,
and S/B is the signal to background ratio (extracted from Run I data to be about 0.75).
With these considerations, DØ will be able to measure sin 2β in the dimuon mode with an
uncertainty of 0.04 in 2 fb−1 of data. Similar accuracy will be achieved in the dielectron
mode. This precision is quite competitive with CDF’s projections and both experiments
will reach B factory sensitivities with further data taking.
Similarly, DØ will look for CP violation in B0s → J/ψφ decays. DØ expects a sample of
1400 fully reconstructed events in 2 fb−1 in Run II. Although the expected Standard Model
asymmetry in this channel is not within our experimental reach, an observation would be a
clear signal of new physics.
6.2.4 B0 → J/ψK0
S
: BTeV Report †
As discussed in Section 6.1, the decay B0 → J/ψK0S is the golden mode for measuring
the angle β of the unitarity triangle. While sin 2β has been measured before the BTeV
experiment begins operation, the collaboration aims to significantly improve that measure-
ment. This section will present the reconstruction efficiency, trigger efficiency and signal to
background ratio for the decay chain B0 → J/ψK0S , J/ψ → µ+µ− and K0S → π+π−.
For this study, Monte Carlo events were generated using Pythia and QQ and the detector
response was simulated using BTeVGeant. The output of BTeVGeant was analyzed as
would be real data. When designing analysis cuts, it is important to understand both
the efficiency of the cuts on signal events and the power of the cuts to reject background.
Because of the narrow widths of the J/ψ and the K0S , the dominant source of background
†Authors: P.A. Kasper and R. Kutschke.
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Figure 6.5: Distributions of L/σL for (a) J/ψ candidates from the decays of
b hadrons and (b) prompt J/ψ candidates. The prompt candidates are suppressed
by requiring L/σL > 4.
entries is combinations of real J/ψ → µ+µ− decays with real K0S → π+π− decays. CDF
found that prompt J/ψ’s constitute a large fraction of the total J/ψ production [73] and,
extrapolating from their results, one expects that J/ψ’s from B decays comprise only about
5% of the total J/ψ production including the regions of high pseudorapidity. However, the
background from prompt J/ψ production is strongly suppressed by the topological cuts,
leaving decays of the type b→ J/ψX as the dominant source of background.
The analysis was performed as follows. Each event was required to have an identified
primary vertex that was successfully fitted. A track was identified as a muon candidate
provided the Monte Carlo truth table indicated that it was a muon, it had a momentum
of more than 5.0 GeV/c and it had a hit in the most downstream muon detector. J/ψ
candidates were formed by combining pairs of oppositely charged muon candidates and
requiring that the invariant mass of the µ+µ− pair be within 3σ of the known mass of the
J/ψ. It was also required that the µ+µ− pair pass a fit to a common vertex and the vertex
be detached from the primary vertex by at least L/σL > 4, where L is the distance between
the two vertices and σL is the error on L. As illustrated in Figure 6.5, this cut rejects
99.95% of the background from prompt J/ψ’s while keeping 80% of the signal. A fit was
performed to constrain the µµ mass to that of the J/ψ.
All other tracks with a momentum of at least 0.5 GeV/c were accepted as pion candi-
dates, provided they missed the primary vertex by d > 3σd, where d is the impact parameter
between the track and the primary vertex, while σd is the error on d. K
0
S candidates were
selected by combining oppositely charged pairs of pion candidates and requiring that the
π+π− invariant mass be within 3σ of the known K0S mass. It was also required that K
0
S
candidates pass a fit to a common vertex. Finally, the mass of the K0S candidate was
constrained to that of the known K0S table mass.
A B0 candidate was defined as the combination of a J/ψ candidate and a K0S candidate
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Figure 6.6: The J/ψK0S invariant mass distribution for candidates which survive
the selection criteria described in the text.
which pointed back to the primary vertex. To reduce combinatorial background, it was
required that the K0S candidate points back to the J/ψ vertex within 3σ and that the K
0
S
impact parameter with respect to the J/ψ vertex divided by its impact parameter with
respect to the primary vertex be less than 2.0.
The invariant mass spectrum of B candidates which pass the above criteria is shown in
Figure 6.6. A clear signal with a width of σ = 9.3 MeV/c2 is seen at the mass of the B0.
The efficiency for a B0 → J/ψK0S decay to fall into the mass peak is 0.040± 0.002 and the
mean resolution on the proper decay time is 40-50 fs.
As mentioned above, the dominant source of background arises from decays of the type
b→ J/ψX. This background was studied by generating large samples of such decays, using
Pythia and QQ. These samples were passed through the MCFast based detector simulation
and analyzed as real data. This study predicted that the signal to background ratio in this
channel is approximately S/B = 10.
The BTeV trigger simulation (see Sec. 5.4.3) was run on events which passed the analysis
cuts, and the Level 1 trigger was found to have an efficiency of (52± 3)%. This decay mode
can also be triggered by muon and dimuon triggers with an estimated trigger efficiency of
50%. Furthermore, it is estimated that the combined Level 2 trigger efficiency is 90%.
In Section 5.5, it is estimated that the effective tagging efficiency εD2 for B0 decays is
0.10. There are two methods which can be used to extract sin 2β from the reconstructed,
tagged J/ψK0S candidates, a time integrated method and a time dependent method. The
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Luminosity 2× 1032 cm−2 s−1
Running time 107 s
σbb¯ 100µb
Number of BB¯ events 2× 1011
B(b¯→ B0) 0.4
Number of B0 or B¯0 1.6× 1011
B(B0 → J/ψK0S) 4.45 × 10−4
B(J/ψ → µ+µ−) 0.061
B(K0S → π+π−) 0.6861
ǫ(Geometric + Cuts) 0.04
Level 1 Trigger efficiency 0.75
Level 2 Trigger efficiency 0.90
Number of reconstructed B0 → J/ψK0S 80,500
Tagging efficiency εD2 10%
S/B 10
Resolution on proper decay time 0.043 ps
σ(sin 2β), time integrated 0.030
σ(sin 2β), time dependent 0.025
Table 6.4: Summary of the sensitivity to sin 2 β using B → J/ψK0s at BTeV.
sensitivity of the time integrated method is given by,
σ(sin 2β) =
1 + x2d
xd
√
1
εD2N
√
S +B
S
, (6.97)
while the sensitivity of the time dependent method is given by,
σ(sin 2β) ≈ ex2dΓd2σ2t
√
1 + 4x2d
2x2d
√
1
εD2N
√
S +B
S
, (6.98)
where N is the number of tagged decays, xd = 0.723±0.032 [62] is the B0 mixing parameter,
σt is the resolution on the proper decay time and where Γd = (0.641± 0.016)× 1012 s−1 [62]
is the natural width of the B0. For the B0, the time dependent method yields a sensitivity
which is about 20% better than that given by the time integrated method. In previous
documents the BTeV collaboration has reported the sensitivity on sin 2β using the time
integrated method but in this document the time dependent method will be quoted. The
above discussion is summarized in Table 6.4 which reports a sensitivity of σ(sin 2β) = 0.025.
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6.2.5 B0 → J/ψK0
S
: Summary †
The main goal of measuring the CP violating asymmetry in the so-called golden-plated
decay mode B0 → J/ψK0S is to determine the phase β within the Standard Model. It
is given in terms of CKM matrix elements as β ≡ arg(−VcdV ∗cb/VtdV ∗tb). Evaluating the
sensitivity of the Tevatron experiments towards measuring sin 2β was motivated by using
B0 → J/ψK0S as a benchmark process for all three experiments and as a comparison with
the expectations of the B factories.
With 2 fb−1 of integrated luminosity, CDF expects to reconstruct 20,000 B0 → J/ψK0S
events with J/ψ → µ+µ− and K0S → π+π−, a net increase of a factor of ∼ 50 compared to
the J/ψK0S yield in Run I. Assuming a total effective tagging efficiency of εD2 ∼ 9.1%, as
discussed in Sec. 6.2.2, this results in an error on a measurement of sin 2β of σ(sin 2β) ∼0.05
at CDF. The DØ experiment expects to measure sin 2β with similar precision. DØ will
reconstruct about 34,000 B0 → J/ψK0S events with J/ψ → µ+µ− and K0S → π+π− in
2 fb−1. DØ uses a total effective tagging efficiency of εD2 ∼ 10% derived from CDF’s
Run I experience of B flavour tagging (see Sec. 6.2.2). This gives DØ an uncertainty of
σ(sin 2β) ∼0.04.
While sin 2β will have been measured before the BTeV experiment will turn on, the goal
of the BTeV collaboration is to significantly improve the precision of that measurement.
Within one year of running at design luminosity, BTeV expects to reconstruct about 80,000
B0 → J/ψK0S events with J/ψ → µ+µ− and K0S → π+π−. Together with an effective
tagging efficiency of εD2 ∼10%, as discussed in Sec. 6.2.4, this will allow BTeV to measure
sin 2β with an error of σ(sin 2β) ∼0.025. At that point in time, the B physics community
will clearly have entered the area of precision CKM measurements.
6.3 Study of B → ππ/KK
6.3.1 B → ππ/KK: Introduction †
One of the key physics goals of Run II is the study of CP violation in B meson decays.
At the time the CDF Technical Design Report [69] was written, the most important decay
modes were believed to be B0 → J/ψK0S and B0 → π+π−. Time dependent CP violation
in the former mode measures sin 2β [74], while the decay B0 → π+π− usually appears in
the literature as a tool to determine α = 180◦ − β − γ. Using standard phase conventions,
β and γ are the phases of the CKM matrix elements V ∗td and V
∗
ub, respectively.
As discussed in Section 6.1.7 from a theoretical aspect, penguin contributions are ex-
pected to affect the determination of α severely [75]. Experimentally, the CLEO collabo-
ration [23] has shown that ”penguin pollution” in B0 → π+π− is sufficiently large to make
the extraction of fundamental physics parameters from the measured CP asymmetry rather
difficult. Any evaluation of the physics reach in measuring CP violation in B0 → π+π− does
†Author: M. Paulini.
†Author: F. Wu¨rthwein.
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Figure 6.7: Feynman diagrams in charmless hadronic B meson decays contributing
to B0 → π+π− and B0s → K+K−.
therefore require a strategy to dis-entangle “penguin” contributions from “tree” diagrams
in order to lead to a meaningful measurement of short distance physics.
Figure 6.7 shows the two dominant Feynman diagrams in charmless hadronic B decays
contributing to B0 → π+π− and B0s → K+K−. Simple counting of vertex factors indicates
that b→ su¯u “penguin” and b→ uu¯d “tree” transitions are roughly of the same magnitude,
while b → du¯u “penguin” and b → uu¯s “tree” transitions are suppressed by O(λ) with
respect to these dominant amplitudes. Defining ∆S as the change in strangeness quantum
number, it is thus expected that transitions with ∆S = 0 are dominated by external W -
emission (“tree”) decays. In contrast, ∆S = 1 transitions generally receive their dominant
contributions from gluonic penguin decays.
A large number of strategies to disentangle penguin and tree contributions can be found
in the literature [75,76]. However, they generally require either very large data sets or in-
volve hard to quantify theoretical uncertainties. In the following, we evaluate a strategy
of measuring the CKM angle γ [16] which is particularly well matched to the capabilities
of the Tevatron as it relates CP violating observables in B0s → K+K− and B0 → π+π−.
Combining the CP violating observables in these two decays with the CP violation mea-
sured in B0 → J/ψK0s allows for a measurement of γ up to a fourfold ambiguity. The utility
of B0s → K+K− to probe γ was already pointed out in several previous publications [77],
and the use of CP violating asymmetries in B to K±π∓ decays is discussed in Ref. [78].
The decays B0 → π+π− and B0s → K+K− are related to each other by interchanging all
down and strange quarks, i.e. through the so-called “U-spin” subgroup of the SU(3) flavour
symmetry of strong interactions. The strategy proposed in Ref. [16] uses this symmetry
to relate the ratio of hadronic matrix elements for the penguin and tree contributions, and
thus uses B0s → K+K− to correct for the penguin pollution in B0 → π+π−.
This strategy does not rely on certain “plausible” dynamical or model-dependent as-
sumptions, nor are final-state interaction effects [79] of any concern. These led to consid-
erable attention in the recent literature on measuring γ from B → πK decays [80]. The
theoretical accuracy is only limited by U-spin-breaking effects. We evaluate the likely size
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Scenario Tbunch L 〈Npp¯〉 L1 cross L1 rate L2 cross L2 rate
[ns] [cm−2s−1] section [µb] [kHz] section [nb] [Hz]
A 396 0.7 × 1032 2 252 ± 18 18 360 ± 100 25
B 132 2.0 × 1032 2 152 ± 14 30 196± 74 39
C 396 1.7 × 1032 5 163 ± 16 28 84± 48 14
Table 6.5: Level 1 trigger criteria and event rates as well as Level 2 trigger cross sec-
tions and event rates for three operating scenarios of the Tevatron during Run II [81].
of these effects and find them to be small compared to the expected experimental error on
γ in Run II.
6.3.2 B → ππ/KK: CDF Report †
6.3.2.1 Trigger Issues
The key to measuring the CP asymmetry in B0 → π+π− is to trigger on this decay mode in
hadronic collisions. CDF will do this with its three level trigger system where the through-
put of each level will be increased by more than an order of magnitude from the Run I
trigger scheme to accommodate the shorter pp¯ crossing interval (initially 396 ns and later in
Run II 132 ns), and the increase in instantaneous luminosity by one order of magnitude. The
maximum output of Level 1 and Level 2 will be 50 kHz and 300 Hz, respectively. The trigger
rates presented in the following have been studied using minimum bias data for Level 1 and
data sets collected with specialized test triggers taken during Run Ib for Level 2.
At Level 1, two oppositely charged tracks found by the XFT track processor [69] are
used. The XFT can find tracks of pT > 1.5 GeV/c that traverse the full radius of the COT
with a momentum resolution ∆pT/p
2
T < 0.015 (GeV/c)
−1 and an azimuthal resolution at
superlayer 6 (r = 106 cm) of ∆φ6 < 0.0015 rad. The two-track module compares the
values of pT and φ6 from all pairs of tracks to valid trigger patterns in a lookup table.
Three sets of two-track trigger criteria [81] are listed in Table 6.5 corresponding to three
possible operating conditions of the Tevatron. Scenarios A, B and C cover the possible
bunch separations (Tbunch), instantaneous luminosity (L) and mean number of interactions
per crossing (〈Npp¯〉). The Level 1 trigger cross sections are listed in Table 6.5. CDF expects
to allocate a maximum of 30 kHz to the two-track trigger at Level 1.
At Level 2, CDF uses the SVT [69], which associates clusters formed from axial strips in
the SVX II with tracks of pT > 2 GeV/c found by the XFT. This provides a measurement
of the impact parameter of the track in the plane transverse to the beam axis. This mea-
surement is sufficiently precise to resolve the true large impact parameters of tracks coming
from the decays of heavy flavour from the impact parameters of tracks originating from
QCD jets, which have non-zero impact parameter only due to measurement resolution. The
†Author: F. Wu¨rthwein.
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assumed impact parameter resolutions for the SVT [81] are σd = (19 + 40 GeV/c/pT ) µm
for tracks that miss the hybrid in Layer 0 of SVX II and σd = (19 + 80 GeV/c/pT ) µm for
tracks that pass through the hybrid in Layer 0. The expected Level 2 trigger rates are given
in Table 6.5 and are well below the total Level 2 bandwidth of 300 Hz. At Level 3, the full
event information is available further reducing the trigger rate.
The data collection of B0s decay modes for the measurement of B
0
s flavour oscillations at
CDF in Run II is also based on the two-track hadronic trigger. The Level 1 two-track trigger
scheme is the same as for B0 → ππ as summarized in Table 6.5. The Level 2 trigger selection
requirements have been slightly adjusted [81] to achieve a better efficiency for triggering on
any two tracks from the hadronic B0s decay (see also Section 8.6 and in particular Sec. 8.6.2).
6.3.2.2 Expected Rates
As discussed in Section 6.3.1, the decays B0 → K+π− and B0s → K+K− are ∆S = 1
transitions, and are expected to be dominated by gluonic penguin decays. In contrast,
B0 → π+π− and B0s → π+K− are expected to receive their dominant contributions from
external W -emission (“tree”). For the decays B0 → K+K− and B0s → π+π− neither of the
initial quarks is present in the final state. These transitions are thus expected to be highly
suppressed as they require either W -exchange or in-elastic final state re-scattering.
Experimental information on these decays comes from the CLEO experiment [23]. They
measured B(B0 → K+π−) = (17.2+2.5−2.4±1.2)×10−6, B(B0 → π+π−) = (4.3+1.6−1.4±0.5)×10−6,
and B(B0 → K+K−) < 1.9×10−6 at 90% Confidence Level. Average over charge conjugate
decays is implied in all three of these measurements. In addition, CLEO measured [B(B0 →
K+π−)− BB¯0 → K−π+)]/[B(B0 → K+π−) + B(B¯0 → K−π+)] = −0.04± 0.16 [82]. More
recent results from BaBar and Belle [83] might point towards a more favorable ratio of
B0 → π+π−/B0 → K+π−. To be conservative, we base our projections on the published
CLEO numbers [23].
The corresponding B0s decays have not been observed. However, we can make an ed-
ucated guess regarding their branching fractions by assuming SU(3) flavour symmetry as
follows:
B(B0s → K+K−) = (FK/Fπ)2 ×B(B0 → K+π−) ,
B(B0s → π+K−) = (FK/Fπ)2 ×B(B0 → π+π−) . (6.99)
The factor (FK/Fπ)
2 accounts for SU(3) breaking. Assuming factorization FK(Fπ) is given
by the B → K(B → π) form factor, and thus (FK/Fπ)2 ∼ 1.3. Taking into account the
production ratio of fs/fd ∼ 0.4 [84], we expect the following relative yields:
(B0 → Kπ) : (B0 → ππ) : (B0s → KK) : (B0s → πK) ∼ 4 : 1 : 2 : 0.5. (6.100)
The B0 → π+π− signal yield is obtained from Monte Carlo simulation taken from Ref. [81].
We rescale the yield cited there by the CLEO branching fractions quoted above and the
updated measurement of the B cross section σB = (3.35 ± 0.46 ± 0.50) µb [85] using fully
reconstructed B+ → JψK+ decays. From this estimate, CDF expects 5060 to 9160 fully
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reconstructed B0 → π+π− events in 2 fb−1. To be conservative, we choose 5000 B0 → π+π−
and 20,000 B0 → K+π− events for this study. With the event ratio given in Eq. (6.100), we
arrive at an expected B0s → K+K− and π+K− yield of 10,000 and 2500 events, respectively.
Yields in the two Kπ final states refer to the sum of K+π− and K−π+.
To answer the question whether CDF will be able to extract these large signals from
potentially enormous backgrounds, we discuss physics backgrounds such as B → Kπ and
combinatorial background separately. A study using specialized test trigger data, described
in Ref. [86], addresses the issue of combinatorial background. This study finds two events
in a region of ±500 MeV/c2 around the nominal B mass. Based on trigger simulations and
the branching fractions listed above, CDF expects 0.08 signal events in the sum of all two
track decays of the B0 and B0s within a signal window of ±50 MeV/c2 around the nominal
B mass. From this we conclude a signal-to-background ratio (S/B) not worse than 0.4.
Based on the measured cross sections and Monte Carlo simulation of the trigger efficiency
for generic B decays, CDF expects that roughly 1/4 of the two-track hadronic trigger rate is
from bb¯ and cc¯ each. Backgrounds from these two sources result in a two-track invariant mass
spectrum far away from the B signal region. We thus expect the dominant backgrounds
to come from mis-measured tracks without true lifetime. Detailed studies of this type of
background can only be done once data with the new Run II silicon detector is available.
However, it is not unreasonable to expect the 3-dimensional vertexing capabilities of SVX II
to improve upon the S/B of 0.4 obtained from the Run I estimates.
6.3.2.3 Disentangling ππ, Kπ, KK and πK Final States
Figure 6.8(a) shows the expected invariant mass peaks for 20,000 B0 → K±π∓, 5000 B0 →
π+π−, 10,000 B0s → K+K− and 2500 B0s → K∓π±, on top of 56250 events of combinatorial
background. In each case the pion mass is used to calculate the track energy. The four
mass peaks are not particularly distinct and are shown separately in Figure 6.8(b). This
initial simulation indicates a ππ invariant mass resolution of about 25 MeV/c2. The flat
background generated is equivalent to a signal/background ratio of 3/1 over the region
5.2 < mππ < 5.3 GeV/c
2, rather than the S/B ∼ 0.4 from the previous section.
A B0 → π+π− signal can be extracted from the physics backgrounds from B → Kπ and
B0s → KK decays by making use of the invariant ππ mass distribution as well as the dE/dx
information provided by the COT. Using the specific energy loss dE/dx, we expect a K-π
separation of 1.3 σ for track momentum pT > 2 GeV/c. Note, the B
0
s → K+K− peak lies
directly under the B0 → π+π− signal requiring particle identification through dE/dx.
Given the limited particle identification capabilities provided by invariant mass resolu-
tion and dE/dx, it is important to demonstrate how well CDF can separate the four final
states using mass and dE/dx alone. To assess this issue, we generate a sample of 93,750
events drawn from the four signal hypotheses as shown in Table 6.6. We also include com-
binatoric background, where the ratio of Kπ : ππ : KK = 1 : 2 : 1 in the background
sample is a completely arbitrary choice. We then perform a Maximum Likelihood fit to
determine the yields for the four signal and three background hypotheses. Comparing the
errors on the yields as returned from the fit with 1/
√
N of the number of generated events,
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Figure 6.8: Two-track invariant mass assuming pion hypothesis for B → ππ, Kπ,
KK and πK final states (a) added together and (b) shown separately.
we can calculate an “effective” signal/background ratio =: S/B for the four signal samples
as follows:
σyield/yield =
√
1 +B/S
yield
(6.101)
The relative errors on the yields and the effective signal/background are listed in Table 6.6.
In summary, we expect the B → ππ, Kπ, KK and πK yields in the untagged sample to
be measured with an uncertainty of only a few percent. In the absence of exact knowledge
of relative production cross sections for B0 and B0s , as well as branching fractions this
fit to the untagged sample is crucial in determining the denominator for the measured
CP asymmetry. Separating ππ, Kπ and KK is less of a problem for the numerator as we
are helped here by the vast difference in oscillation frequency.
From the Monte Carlo exercise described above, we conclude that separating the various
B decays into two track hadronic final states is not a limiting factor in the measurement of
the time dependent CP asymmetries.
6.3.2.4 CP Violating Observables
Two of the four signal modes of interest (B0 → K±π∓ and B0s → K∓π±) are self-tagging,
two (B0 → π+π− and B0s → K+K−) are CP eigenstates for which we expect sizable yields,
and two (B0s → π+π− and B0 → K+K−) are unlikely to be observed at CDF during Run II,
unless final state re-scattering and/or new physics effects in these decays are sizable. For
the self-tagging decay modes, one can distinguish in principle two CP violating observables,
depending on whether or not the B has mixed before it decayed:
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Kπ ππ KK
B0 20,000 5000 0
σ 0.95% 2.8% -
B0s 2500 0 10,000
σ 4.8% - 1.6%
bkg 14,000 28,000 14,000
“Effective” S/B
B0s : 0.21 - 0.64
B0: 1.24 0.34 -
Table 6.6: Parameters used and results obtained in the Toy Monte Carlo study
to determine the errors on the B → ππ, Kπ, KK and πK yields in the untagged
sample.
unmixed:
(B0 → K+π−)− (B¯0 → π+K−)
(B0 → K+π−) + (B¯0 → π+K−) =
|A|2 − |A¯|2
|A|2 + |A¯|2
mixed:
(B0 → K−π+)− (B¯0 → π−K+)
(B0 → K−π+) + (B¯0 → π−K+) = −
|A|2 − |q/p|4|A¯|2
|A|2 + |q/p|4|A¯|2 (6.102)
In practice, i.e. within the Standard Model where |q/p|−1≪ 1, and even for many rea-
sonable extensions of the Standard Model, we expect at most |q/p|−1 ∼ O(10−2). Further-
more, |p/q| 6= 1 is probably better searched for with doubly tagged inclusive bb¯ samples. The
classic example analysis is to search for a charge asymmetry (ℓ+ℓ+ − ℓ−ℓ−)/(ℓ+ℓ+ + ℓ−ℓ−)
in events where both b and b¯ decay semileptonically. In the following, we therefore will not
consider a time dependent analysis nor tagging for the two self-tagging decay modes.
For the decays into CP eigenstates there are three CP violating observables AdirCP , AmixCP ,
and A∆Γ. Either AdirCP 6= 0, or AmixCP 6= 0, or |A∆Γ| 6= 1 would indicate CP violation. In
fact, the three observables are related for each decay mode separately by:
(AdirCP )2 + (AmixCP )2 + (A∆ΓCP )2 = 1. (6.103)
The time dependent rate asymmetry is given by:
(B0s → K+K−)− (B¯0s → K+K−)
(B0s → K+K−) + (B¯0s → K+K−)
=
2e−〈Γ〉t
e−ΓH t + e−ΓLt +A∆ΓCP (e−ΓH t − e−ΓLt)
× (AmixCP sin∆mt+AdirCP cos∆mt) (6.104)
In other words, the oscillation amplitude ACP =
√
(AdirCP )2 + (AmixCP )2 is modulated
by an exponentially rising (or falling) “pre-factor” as shown in Figure 6.9. The size of
this effect depends on the size of the lifetime difference, ∆Γ = ΓH − ΓL 6= 0 and on
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Figure 6.9: Red (solid), black (dashed), and blue (dotted) curves show the ex-
pected time-dependent CP violation in B0s → K+K− for different values of AdirCP ,
AmixCP and ∆Γ. The red (black) curve assumes 0.2 (0.2) and −0.2 (0.0) for AdirCP
(AmixCP ), whereas the blue curve assumes that both AdirCP and ∆Γ are zero.
|A∆ΓCP | 6= 1. For B0 we can safely assume ∆Γ/Γ = 0, and ignore this modulation. For B0s
we expect ∆Γ/Γ ∼ 20%. Figure 6.9 shows that this may lead to an ∼ 7% change of the
oscillation amplitude per unit of lifetime. Given the experimental sensitivity discussed in
Section 6.3.2.5, we do not expect to observe this effect in the first 2 fb−1 of data in Run II.
We therefore ignore it in the present discussion. The analysis in the two decay modes
into CP eigenstates thus reduces to a fit of the time dependence of the CP violating rate
asymmetries to the sum of a sine and a cosine term.
6.3.2.5 Measurements on the Tagged Sample
As discussed in Section 6.3.2.4 above, the time dependent CP asymmetry in B0 → π+π−
and B0s → K+K− is given by:
ACP = AdirCP cos∆mt+AmixCP sin∆mt (6.105)
It is straightforward to derive the expected errors on the coefficients AmixCP and AdirCP ana-
lytically [87]. For simplification, we use the abbreviations A = AdirCP and B = AmixCP in the
following:
GAA = N × e−t0(1 + f(t0))
GBB = N × e−t0(1− f(t0))
GAB = N × e−t0(2x cos(2xt0) + sin(2xt0))/(1 + 4x2)
N = 0.5×Nt0=0 × εD2 ×
S/B
S/B + 1
e−(xσt/τ)
2
f(t0) = (cos 2x t0 − 2x sin 2x t0)/(1 + 4x2). (6.106)
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Figure 6.10: Effect of two-track trigger on B0s → K+K− lifetime distribution.
N t0=0.5ππ = 5000 N
t0=0.5
KK = 10, 000
t0 = 0.5 σt/τ = 0.03
xd = 0.7 xs = 25
(εD2)ππ = 0.091 (εD2)KK = 0.113
(S/B)ππ = 1/2 (S/B)KK = 1
Resulting values for GAA, GBB , GAB
B0 → π+π− B0s → K+K−
GAA 72 161
GBB 79 161
GAB 44 3.2
Table 6.7: Inverse of covariance matrix based on analytical calculations.
Here GAA, GBB , and GAB are the three elements of the inverse of the covariance matrix,
t0 is the minimum lifetime cut implied by the trigger, “S/B” is the signal/background
ratio, and x = ∆m/Γ, while σt is the expected proper time resolution. While deriving
Equation (6.106), we made the approximation ACP ×D ≪ 1.
Figure 6.10 shows the proper time in units of B0s lifetime for a Geant based Monte
Carlo simulation of B0s → K+K−, followed by track reconstruction. The depletion for
small lifetimes is due to the impact parameter requirements in the trigger (scenario A, see
Table 6.1) [81]. This shows that t0 = 0.5 is a reasonable value to pick for our estimates.
Table 6.7 shows the values that we consider for the various parameters entering the
equations above. It is probably worthwhile mentioning that the effective signal/background
from the untagged study is not relevant here. The oscillation frequencies are sufficiently
different between B0s and B
0 that KK ↔ ππ misidentification does not enter the numerator
of ACP in any significant way. We verified this with a fit to a Toy Monte Carlo that uses
only mππ and proper time as input, and assumes the relative yields to be known, e.g. from
a fit to the untagged sample. The correlation coefficient between CP violating asymmetries
in B0 → π+π− and B0s → K+K− is negligible, despite the fact that the two signal peaks
overlap almost exactly in the invariant two-track mass mππ.
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6.3.2.6 Extracting CP Violating Phases from AdirCP and A
mix
CP
Let us define ϑ = arg(A¯/A)/2, the CP violating phase in the decay, and φ = arg(q/p)/2, the
CP violating phase in mixing for some phase convention. CP violation in the interference
of mixing and decay is then given by:
AmixCP (t) =
Γ(B¯0 → fCP )− Γ(B0 → fCP )
Γ(B¯0 → fCP ) + Γ(B0 → fCP ) = − sin 2(φ+ ϑ)× sin∆mt . (6.107)
In the limit where we ignore anything but the dominant contribution to the decay amplitude
AmixCP (J/ψK0) andAmixCP (π+π−) measure sin 2β and sin 2(β+γ), respectively, whileAdirCP = 0
in both cases. If nature was that simple then a non-zero AmixCP (K+K−) or AmixCP (J/ψφ)
would be a clear sign of new physics, and any difference between e.g. AmixCP (K+K−) and
AmixCP (J/ψφ) would signal new physics in penguin loops. Allowing for gluonic penguins in
B0 → π+π− and b → uu¯d contributions to B0s → K+K− leads to non-zero AdirCP if and
only if there is also a CP conserving phase difference between dominant and sub-dominant
decay processes, i.e. “penguins” and “trees”.
In the following, we discuss one particular suggestion by Fleischer [16] that relates
B0s → K+K− to B0 → π+π− using U -spin symmetry, a subgroup of flavour SU(3). This is
neither the only nor necessarily the most promising use of experimental information but is
meant to give a flavour of what can be achieved with Run II data at CDF. The basic idea
is as follows. We decompose the two decay amplitudes into the sum of a part that has the
CP violating phase of b¯→ c¯cd¯ , and a part that has the same CP violating phase as b¯→ u¯ud¯.
For the standard phase conventions these are 0 and γ, respectively. We then rewrite the four
CP violating asymmetries in terms of the modulus d, the CP conserving phase θ describing
the ratio of hadronic matrix elements for these two parts, the CP violating phase γ and
the two CP violating phases for B0 and B0s , φd and φs, respectively.
In the limit of U -spin symmetry the two sets of d and θ in B0 → π+π− and B0s → K+K−
(denoted by ′) are related via:
θ′ = θ ,
d′ = d×
(
1− λ2
λ2
)
. (6.108)
To be specific:
AdirCP = ±
2d sin θ sin γ
1− 2d cos θ cos γ + d2 ,
AmixCP =
sin 2(φ+ γ)− 2d cos θ sin(2φ+ γ) + d2 sin 2φ
1− 2d cos θ cos γ + d2 . (6.109)
Here, 2φ = arg(q/p) is the CP violating phase of mixing. The equations for B0 and B0s
are thus identical except for the replacement of d, θ, φd ↔ d′, θ′, φs, and AdirCP (π+π−) =
−AdirCP (K+K−). The latter sign change being due to Vus/Vcd = −1.
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In principle, this leads to a system of four equations with the five unknowns d, θ, φs, φd,
and γ. Furthermore, if θ ∼ 0 then two of the four equations are degenerate within our
experimental sensitivity (AdirCP (π+π−) ∼ AdirCP (K+K−) ∼ 0), leading to only three indepen-
dent equations and five unknowns. To arrive at a system of equations that is solvable, we
add AmixCP (J/ψK0) = sin 2φd as an additional constraint, and fix φs = 0, which is correct
for the Standard Model to within O(λ2).
We then perform a χ2 fit of hypothetical measurements of the two asymmetries AdirCP and
the three asymmetries AmixCP and their errors to the corresponding theoretical expressions
that relate them to the fit parameters β, γ, θ and d. We choose the following nominal values:
β = 22.2◦ ± 2.0◦ ,
γ = 60◦ ,
θ = 0 ,
d = 0.3 . (6.110)
This results in the expected “measurements” AdirCP (π+π−) = 0, AmixCP (π+π−) = −0.316,
AdirCP (K+K−) = 0 and AmixCP (K+K−) = 0.266. The error on β is slightly larger than the
CDF projections as discussed in Section 6.2.2. For the errors on AdirCP and AmixCP in π+π−
and K+K−, we choose the inverse error matrices as quoted in Table 6.7. This nominal fit
returns:
γ = (60.0+5.4−6.8)
◦ ,
β = (22.2 ± 2.0)◦ ,
θ = (0.0+10.8−10.5)
◦ ,
d = 0.3+0.11−0.07 . (6.111)
An exhaustive scan of the parameter space showed that the error on γ changes by a
factor of ∼ 3 over the range d = 0.1 to 0.5. Variations in the other parameters are less
important. Further details may be found in reference [88].
6.3.2.7 Theoretical Error due to SU(3) Breaking
In this section, we study the dependence of the fit for γ on the assumption of SU(3)
symmetry. This is done by calculating the “measured” values for the four CP violating
asymmetries in B0 → π+π− and B0s → K+K− with deiθ 6= d′eiθ
′
, while strict SU(3)
symmetry is used in the fit.
SU(3) breaking for form factors or decay constants is known to be a 10-15% effect. Both
of these are “long distance” effects in the sense that they describe meson formation, rather
than physics at the weak scale. This type of SU(3) breaking affects amplitudes but tends to
cancel in appropriately chosen ratios of amplitudes. For the rate asymmetries that we care
about here such “long distance” SU(3) breaking corrections do indeed cancel, e.g. within
factorization models Eq. (6.108) is exact. An SU(3) breaking effect that matters would
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Figure 6.11: Impact of SU(3) breaking.
have to alter the ratio of hadronic matrix elements for penguin and tree diagrams. This
means, it would have to invalidate Equation (6.108). To what extend such effects should
be expected, remains an open question. Future data for these and other processes will tell
us the range of such effects.
We can model a potential effect of this type by using different sets of d, θ for B0s and
B0 when calculating the four hypothetical CP violating asymmetries, but using the same
d, θ for B0s , B
0 when minimizing the χ2. In principle, one might expect an increase in χ2 at
the minimum, i.e. a poorer fit, as well as a systematic shift in γ returned by the fit. To be
conservative, we chose 20% SU(3) breaking and implement it as follows:
−→
∆d = (d× eiθ)B0s − (d× eiθ)B0 = |
−→
∆d| × eiφ = 0.2× d× eiφ . (6.112)
In other words, the set of possible SU(3) breaking effects that we consider is given by
a circle with radius 0.2 × d. We can then plot γmeasured as a function of φ for fixed γtrue.
This is shown in Figure 6.11 for our nominal fit parameters. We conclude that 20% SU(3)
breaking leads to a systematic error on γ of at most ±3 degrees for our nominal set of
parameters.
6.3.3 B → ππ/KK: DØ Report †
As discussed in Section 6.1.7 and 6.3.1, a measurement of the CP asymmetry in the decay
B0 → π+π− was once thought to be the “golden” mode to determine the CKM angle α.
But an unexpectedly small branching ratio and large penguin contributions have made this
analysis, however, much more difficult than expected. The situation is more complicated
without significant π/K separation, as the decay B0s → K+K− lies in the same recon-
structed mass range as the π+π− signal. In addition, the fully hadronic final state poses
another problem for DØ as it is not possible to trigger on the ππ final state directly. The
†Authors: R. Jesik and M. Petteni.
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background rate for two tracks with pT thresholds set low enough to collect these events
is well above the maximum Level 1 trigger rate of 10 kHz. However, it will be possible to
trigger on these decays for the case of the other B hadron in the event decaying semilepton-
ically. Due to the semileptonic branching ratio, this requirement has an efficiency of 10%
at best. But since the initial flavour of the B → ππ decay has to be tagged in order to
measure the CP asymmetry, an opposite side lepton tag is one of the most effective ways
to do this.
The trigger requires one lepton with pT greater then 3.0 GeV/c plus two other tracks
with pT greater than 1.5 GeV/c. In order to minimize the number of fake tracks, all three
tracks must have a hit in each of the Central Fiber Tracker’s (CFT) eight axial layers. To
limit background rates, an isolation cut is made in which two of the tracks are required to
have no other tracks with pT above 1.5 GeV/c within the same, or adjacent, CFT sectors
(the CFT is divided into 80 equal sectors at the trigger level). To further lower background
rates, multiple interactions are removed by rejecting events which have more than 68 sectors
exceeding a threshold of 12% occupancy.
This study is based on a Monte Carlo sample of B0 and B0s decays generated by Pythia
plus QQ. The B0 mesons were forced to decay into π+π− and K+π− final states with
proportion according to branching ratios as measured by CLEO [23]. The B0s mesons were
forced into K+K− and K−π+ final states. The branching ratios for the B0s decays were
extrapolated from the measured values for B0 using spectator quark flavour invariance.
The relative fraction of B0 to B0s meson events in this sample was as generated by Pythia,
which agrees with Run I measurements from CDF [84]. Kinematic cuts of pT > 4 GeV/c
and |η| < 3 were made on the B mesons at generator level, leaving a final sample of about
300,000 events.
The DØ detector acceptance was simulated using MCFAST. Imposing the trigger pT ,
isolation, and hit requirements on this sample leaves a trigger acceptance of 0.76% for these
events. Since the DØ muon system is not represented in MCFAST, the trigger acceptance
is corrected by a factor of 78% to account for the holes in the bottom of the detector. This
efficiency is determined using a full GEANT simulation. An additional efficiency of 98% per
track is imposed in order to take into account hit in-efficiencies not present in the MCFAST
analysis. The efficiency of the high occupancy rejection of this trigger was found to be 80%
using a full GEANT simulation. These factors bring the trigger efficiency to a 0.45% level.
The offline reconstruction of these events is simply a refinement of the trigger require-
ments using information from the full detector. All tracks are required to have a hit in each
of the 8 stereo layers of the CFT, in addition to the 8 axial hits required by the trigger.
The tracks are also required to have at least 8 hits in the silicon detector (the maximum
number of hits is 10 on average). The efficiency of these requirements is 90%. With these
considerations, summarized in Table 6.8, we expect to reconstruct 1400 B0 → π+π− events
in 2 fb−1 of data. Similarly, DØ expect 5600 B0 → K+π−, 2500 B0s → K+K−, and 600
B0s → K+π− events in this sample.
The mass resolution of the B0 meson in this channel is 44 MeV/c2 as can be seen in
Fig.6.12(a). Figure 6.12(b) shows the mass distributions for all four channels assuming that
the final state particles are pions. From this plot it can be seen that it is not possible to
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Integrated luminosity 2 fb−1
σbb¯ 158µb
f(bb¯→ B0, B¯0) 0.8
Kinematic acceptance 0.31
B(B0 → π+π−) 4.3 × 10−6
Trigger efficiency 4.5 × 10−3
Reconstruction efficiency 0.9
Number of reconstructed B0 → π+π− 1400
Effective tagging efficiency (εD2) 0.40
Table 6.8: Expected number of B0 → π+π− events at DØ.
separate the B0 → π+π− decays from B0s → K+K− based on the reconstructed mass. The
situation is further complicated by the fact that the B0 → K+π− decay lies directly over
the two channels of interest. Fortunately, B0s mesons oscillate at a much faster frequency
than B0 mesons. With the use of a multi-variant fit it could be possible to separate all the
contributions. It should be noted that the reconstructed samples are already flavour tagged
by the requirement of the lepton in the trigger. The soft lepton tag has a dilution of 63%
and ε will be very near unity, leading to an effective tagging efficiency of εD2 = 0.40. Work
is progressing on how well the CP asymmetries can be measured and on how well they can
be translated into extracting CKM parameters.
6.3.4 B → ππ/KK: BTeV Report †
The decay of B0 → π+π− is the traditional choice for measuring sin 2α, but the evidence of
large penguin amplitudes in the observation of B0 → K+π− by the CLEO collaboration [23]
implies that a simple extraction of sin 2α from this mode is no longer likely. However,
since this mode has been used to benchmark so many experiments, it is still worthwhile to
understand. In addition, it may be useful for the extraction of γ when combined with a
measurement of B0s → K+K− as explained in Sections 6.1 and 6.3.1.
The data for this study are generated using Pythia while QQ is used to decay the heavy
particles. The detector simulation is performed using the BTeVGeant simulation package.
We also compare our result with the result obtained using MCFast. Each signal event
which is simulated by BTeVGeant (or MCFast) contains one signal interaction (bb¯) and n
background interactions (minimum bias), where n has a Poisson distribution of mean 2.
This corresponds to the BTeV design luminosity of 2 × 1032 cm−2 s−1.
To find this decay, BTeV selects two oppositely charged tracks with a displaced vertex
and an invariant mass close to the B0 mass. Most of the background rejection against
random combinations comes from the displaced B vertex and the momentum balance of
†Authors: G. Majumder, M. Procario, S. Stone.
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(a) (b)
Figure 6.12: (a) Reconstructed invariant mass for B0 → π+π− at DØ. (b) Ex-
pected two track invariant mass signal assuming both tracks are pions.
the π+π− combination with respect to the direction of the B. While particle identification is
vital to reject backgrounds from decays like B0 → K+π−, B0s → π+K− and B0s → K+K−,
it has a small effect on random combinations since most particles are pions.
To start this analysis, BTeV first fits the primary vertices using all tracks which have
at least 4 silicon pixel hits. For the two tracks to be considered as B daughter candidates,
they must satisfy the following criteria. Each track must have pT > 0.5 GeV/c and at least
one track must have pT > 1.5 GeV/c. Each track must project into the RICH detector
acceptance, because particle identification is required later. The distance of closest approach
(DCA) of the track with respect to the primary vertex must be less than 1 cm, which reduces
backgrounds from long lived particles, e.g. K0S , Λ, . . . It is also required that the DCA
divided by its error of each track be > 3 which removes tracks from the primary vertex.
BTeV attempts to fit a secondary vertex with pairs of tracks that satisfy the above
criteria. For each secondary vertex found, the following selection criteria are applied: The
absolute distance between the primary and secondary vertices (L) must be greater than
0.5 mm and L/σL > 4. Considering all other tracks that do not come from this primary
vertex and forming a χ2 with each of these tracks and the selected two tracks for a secondary
vertex, combinations with χ2 < 10 are rejected, since this might indicate a many-body
B decay. The B0 direction is calculated from the primary and secondary B vertex positions
and the invariant mass of the two tracks (assumed to be π±) must be within 2 σ of mB0 .
Using the selection criteria defined above, gives an acceptance and reconstruction efficiency
of 8% for B0 → π+π−, not including trigger efficiency or particle identification.
Figure 6.13 shows a comparison of signal and background for several of the variables
used above. The background distributions are generated considering all oppositely charged
two-track combinations except for the signal π+π−.
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Figure 6.13: Distribution of signal (circles) and background (line) for the most
important vertex and kinematic variables. (a) Normalized distance between primary
and secondary vertex, L/σL, (b) normalized DCA of track with respect to the
primary vertex, DCA/σDCA, (c) transverse momentum of a track, (d) maximum
value of transverse momentum of two tracks, (e) pT imbalance of π
+π− with respect
to the B0 direction and (f) χ2 of secondary vertex using the π+π− with an additional
track candidate.
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(a)
(b)
Figure 6.14: Two body (π+π−) mass plot (a) without and (b) with particle identi-
fication. Different decay channels are normalized by their production cross sections.
The arrows indicate the range of the signal mass window. (Note the log scale.)
It has been shown by the BCD group [89] that the dominant background to B0 → π+π−
comes from random combinations of tracks in events coming from B’s. Tracks from real
B’s are already displaced from the primary vertex and have a higher probability of faking
a secondary vertex compared to cc¯ and minimum bias events.
In addition to background from generic bb¯ events, there are several exclusive decay modes
of B mesons that can mimic a B0 → π+π− decay. The decay B0s → K+K−, which is due to
a hadronic penguin decay mechanism, is the most important, along with other contributions
from B0 → K+π− and B0s → π+K−. Recent CLEO measurements of some of the B0 decay
modes give B (B0 → π+π−) = 0.43 × 10−5 and B (B0 → K+π−) = 1.7 × 10−5 [23]. In
order to normalize the B0s contribution, we use a B
0
s production rate which is 35% of the B
0
rate [12] and assume that the penguin and b→ u decays of the B0s have the same branching
ratios as the B0. Using these results as input, and without π/K discrimination, the two-pion
mass plots for the four different two-body decay modes are shown in Fig. 6.14(a). These
plots indicate that kinematic separation is inadequate to discriminate among these decays.
The BTeV detector will have an excellent RICH detector for particle identification.
BTeV can virtually eliminate two-body backgrounds using the RICH. The simulated back-
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Figure 6.15: RICH event selection: π+π− signal efficiency versus contamination
from other two-body decay modes.
ground tracks (all tracks including all other interactions in that event) were passed through
the RICH simulation code. The efficiency versus background contamination is shown in
Fig. 6.15. For an 80% π+π− signal efficiency, the contamination from π±K∓ (K+K−) is
4.0% (0.5)%.
Since the primary purpose of the Level 1 trigger is to reject light quark backgrounds,
there is a strong correlation between triggered events and reconstructed events. The
BTeVGeant simulation shows that 64% of the selected events pass the Level 1 trigger con-
dition. Given a Level 2 efficiency of 90%, this leaves 23,700 events per year of running
after applying the acceptance, reconstruction efficiency, particle ID efficiency, and trigger
efficiency but before flavour tagging.
Besides the two-body B decay background samples, a full BTeVGeant simulation of
bb¯ backgrounds was performed. In order to reduce the CPU time required to simulate a
sufficiently large data sample of bb¯ decays, a method to preselect events at the generator
level which are likely to cause difficulties, was investigated. BTeV found that the difference
between the reconstructed and generated pT of the tracks is fairly small and Gaussian. On
the basis of the small observed differences, BTeV preselected the generator events before
the BTeVGeant simulation. The preselection criteria are based on the pT (>0.4GeV/c) of
each track, the sum of the pT (>1.8GeV/c) of two tracks, the opening angle of the tracks,
the extrapolation of tracks to the RICH chamber, etc. In order to reject background at the
generator level, a small fraction of event selection efficiency had to be sacrificed.
These preselection requirements reduce the generic bb¯ event sample by a factor of 100.
From this sample, only 4 events (two π+π−, one K+π− and one π+K−) have a π+π− mass
that lies within 200MeV/c2 of mB0 . Applying the RICH identification leads to an 80%
efficiency for the two π+π− events and a 4% efficiency for each of the K+π− and π+K−
events. Thus, there are 1.68 background events. If we scale to the B signal region which
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Luminosity 2 × 1032 cm−2 s−1
Running time 107 sec
Integrated Luminosity 2000 pb−1
σbb¯ 100 µb
Number of BB¯ events 2 × 1011
Number of B0 events 1.5 × 1011
B(B0 → π+ π−) 0.43 × 10−5
Reconstruction efficiency 8.0%
Trigger efficiency (Level 1) 64%
Trigger efficiency (Level 2) 90%
RICH I. D. efficiency 80%
Number of reconstructed B0 → π+π− 2.37× 104
Background after RICH rejection
B0 → K+π− 0.27× 104
B0s → π+K− 0.03× 104
B0s → K+K− 0.02× 104
B-generic 0.46× 104
S/B 3
Tagging efficiency εD2 10.0%
σ(ACP ) 2.36× 10−2
Table 6.9: Projected yield of B0 → π+π− and the uncertainty on ACP from a
BTeVGeant simulation.
is 115 MeV/c2 and multiply by the combined Level 1 and Level 2 trigger efficiency (64% ×
90%), we expect ≈ 4,600 bb¯ background events from one year of running BTeV at the design
luminosity of 2 × 1032 cm−2s−1. The remaining contributions (from the two-body decay
channels) are listed in Table 6.9 and add up to 3,200 events per year. Therefore, the total
background is 7,600 events per year leading to a signal-to-background ratio of 3:1 with a
25% error.
The effective tagging efficiency (εD2), discussed in Section 5.5, is estimated to be 10%.
Using the tagging efficiency and the B0 → π+π− yield, we can obtain an uncertainty on
the CP asymmetry. Based on one year of running at design luminosity, BTeV expects an
uncertainty on ACP of 0.024, as summarized in Table 6.9.
As mentioned in Section 6.3.1, measuring both B0 → π+π− and B0s → K+K− may allow
an extraction of γ. To this end, BTeV has also looked for B0s → K+K− signal events. This
analysis is nearly identical to the B0 → π+π− analysis after interchanging B0 → π+π− and
B0s → K+K− samples from signal to background (and vice versa). As in the B0 → π+π−
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(a)
(b)
Figure 6.16: Two body (K+K−) mass plot (a) without and (b) with particle
identification. Different decay channels are normalized by their production cross
sections. The arrows indicate the range of the signal mass window. (Note the log
scale.)
analysis, other two-body decay modes can mimic the signal as shown in Fig. 6.16(a).
From the RICH simulation, BTeV finds that at an 80% signal efficiency for B0s →
K+K−, they accept 5% (1.5)% π+π−(K+π−, π+K−) background events as K+K−. It is
clear from Fig. 6.16(b) that by using the RICH information, BTeV can reject most of the
backgrounds which are coming from other two-body decay modes.
The expected B0s → K+K− yield, including the acceptance, reconstruction efficiency,
trigger efficiency, and particle ID efficiency is 33,000 events per year at the design luminosity.
This is summarized in Table 6.10.
6.3.5 B → ππ/KK: Summary †
Several years ago, the most important decay modes for the study of CP violation in the
B system were believed to be B0 → J/ψK0S and B0 → π+π−. As discussed in Sec. 6.2,
†Author: M. Paulini.
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Luminosity 2 × 1032 cm−2 s−1
Running time 107 sec
Integrated Luminosity 2000 pb−1
σbb¯ 100 µb
Number of BB¯ events 2 × 1011
Number of B0s events 0.52 × 1011
B(B0s → K+K−)† 1.7 × 10−5
Reconstruction efficiency 8.1%
Trigger efficiency (Level 1) 64%
Trigger efficiency (Level 2) 90%
RICH I. D. efficiency 80.0%
Number of reconstructed B0s → K+K− 3.29× 104
Background after RICH rejection
B0 → K+ π− 0.39× 104
B0s → π+K− 0.04× 104
B0 → π+ π− 0.04× 104
B-generic 0.04× 104
S/B 6.6
Table 6.10: Projected yield of B0s → K+K− and fake rates († indicates estimated
branching fractions.)
time dependent CP violation in the former mode measures sin 2β [74], while the decay
B0 → π+π− usually appears in the literature as a tool to determine α = 180◦ − β − γ.
However, the CLEO collaboration [23] has shown that the so-called penguin pollution in
B0 → π+π− is sufficiently large to make the extraction of fundamental physics parameters
from the measured CP asymmetry rather difficult. An evaluation of measuring CP violation
in B0 → π+π− does therefore require a strategy to distinguish penguin contributions from
tree diagrams. A large number of strategies to disentangle both contributions is discussed in
the literature [75,76]. However, they generally require either very large data sets or involve
hard to quantify theoretical uncertainties.
For this workshop, CDF evaluated a strategy of measuring the CKM angle γ as suggested
by Fleischer in Ref. [16]. This method is particularly well matched to the capabilities of the
Tevatron as it relates CP violating observables in B0s → K+K− and B0 → π+π−. Both
decays are related to each other by interchanging all down and strange quarks, i.e. through
the so-called “U-spin” subgroup of the SU(3) flavour symmetry of strong interactions. The
strategy proposed in Ref. [16] uses this symmetry to relate the ratio of hadronic matrix
elements for penguins and trees, and thus uses B0s → K+K− to correct for the penguin
pollution in B0 → π+π−.
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With the two-track hadronic trigger, CDF expects to reconstruct at least 5000 B0 →
π+π− and 20,000 B0 → K±π∓ events in 2 fb−1 of data assuming the branching ratios
measured by CLEO [23], in particular B(B0 → π+π−) = (4.3+1.6−1.4±0.5)×10−6 . The question
whether CDF will be able to extract these signals from potentially enormous backgrounds,
has been studied throughout this workshop. With respect to combinatorial background, a
signal-to-background ratio not worse than S/B ∼ 0.4 can be expected. Regarding physics
backgrounds from B → Kπ and B0s → KK decays, a B0 → π+π− signal can be extracted
by exploiting the invariant ππ mass distribution as well as the dE/dx information provided
by CDF’s Central Outer Tracker. From this, CDF expects the B → ππ, Kπ, KK and πK
yields in the untagged sample to be measured with an uncertainty of only a few percent.
Measurements on the tagged sample determines the time dependent CP asymmetry for
B0 → π+π− and B0s → K+K− which is given by: ACP = AdirCP cos∆mt + AmixCP sin∆mt.
With the strategy suggested in Ref. [16], the studies performed during this workshop indicate
that a measurement of the CKM angle γ to better than 10◦ could be feasible at CDF with
2 fb−1 of data. The utility of these modes depends on how well the uncertainty from flavour
SU(3) breaking can be controlled. Data for these and other processes should tell us the
range of such effects. The resulting Standard Model constraints could be quite stringent.
CDF estimates of possible SU(3) breaking effects show that 20% SU(3) breaking leads to
a systematic error of less than half the statistical precision given above. This encouraging
result might allow CDF to make a significant contribution to our understanding of the CKM
unitarity triangle within the first 2 fb−1 of Tevatron data in Run II.
Since the BTeV experiment will operate a RICH detector for particle identification,
excellent π-K separation can be achieved and two-body physics backgrounds can virtually
be eliminated at BTeV. Based on one year of running at design luminosity, BTeV expects to
reconstruct about 20,000 B0 → π+π− events with small background contamination at the
10−4 level from B0 → K+π−, B0s → π+K− and B0s → K+K−. With this event yield, BTeV
expects an uncertainty on the CP asymmetry ACP of 0.024, as summarized in Table 6.9.
BTeV did not study a possible extraction of γ using the method proposed in Ref. [16] as
discussed above, but has estimated the yield for a B0s → K+K− signal to be 33,000 events
per year at design luminosity (see Sec. 6.3.4).
6.4 Study of B → DK
6.4.1 B → DK: Introduction †
The CKM angle γ can be extracted via two related sets of four decay processes, B− →
K−D0(D¯0) and the CP conjugate decays, or B0s (B¯
0
s ) → K±D∓s . In both of these cases,
the sensitivity to CP violation is achieved through the interference of the two quark level
processes b→ cu¯s and b→ uc¯s.
The final state particles for the most interesting decay channels in this category contain
combinations of K’s and π’s. Hence, an important feature of any detector is its ability to
†Author: D. Atwood.
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identify these particles, resolve their momenta and perform K-π separation. In addition,
backgrounds, often from decay modes with branching fractions that are orders of magnitude
larger, must be well controlled. Otherwise, the CP asymmetry will be diluted and the
precision of measuring γ will suffer.
We briefly review first the extraction of γ from B0s decays and then summarize how the
angle γ can be obtained from B → D0K.
6.4.1.1 B0s → D
−
s K
+: Introduction
The necessary interference effect is achieved through mixing of the initial state via B0s B¯
0
s
oscillation. For example, we could have either a direct decay amplitude for B0s → D−s K+
(b¯ → cu¯s channel) or first a B0s → B¯0s transition and then the B¯0s → D−s K+ (b → cu¯s
channel) decay. Note that the two decay amplitudes are not CP conjugates (in contrast to
the case of final CP eigenstates) and therefore carry different strong phases. These phases
cannot be reliably calculated with currently available theoretical methods. Therefore enough
data must be gathered to fit simultaneously for γ and the strong phase difference δ.
The time dependent decay rates for the four relevant processes are given in Eq. (6.42)
and reproduced here using φD+s K− = −γ.
Γ(B0s → D−s K+) =
|Af |2e−Γs t
2
{
(1 + |λf |2) cosh(∆Γs t/2) + (1− |λf |2) cos(∆ms t)
−2|λf | cos(δ + γ) sinh(∆Γs t/2)− 2|λf | sin(δ + γ) sin(∆ms t)
}
,
Γ(B0s → D+s K−) =
|Af |2e−Γs t
2
{
(1 + |λf |2) cosh(∆Γs t/2)− (1− |λf |2) cos(∆ms t)
−2|λf | cos(δ − γ) sinh(∆Γs t/2) + 2|λf | sin(δ − γ) sin(∆ms t)
}
,
Γ(B¯0s → D−s K+) =
|Af |2e−Γs t
2
{
(1 + |λf |2) cosh(∆Γs t/2)− (1− |λf |2) cos(∆ms t)
−2|λf | cos(δ + γ) sinh(∆Γs t/2) + 2|λf | sin(δ + γ) sin(∆ms t)
}
,
Γ(B¯0s → D+s K−) =
|Af |2e−Γs t
2
{
(1 + |λf |2) cosh(∆Γs t/2) + (1− |λf |2) cos(∆ms t)
−2|λf | cos(δ − γ) sinh(∆Γs t/2)− 2|λf | sin(δ − γ) sin(∆ms t)
}
.
(6.113)
Here, we abbreviated Af for AD−s K+ and λf for λD−s K+. The primary concern is to extract
γ from these rates. In the following, we will assume that ∆ms and ∆Γs are already known
since they can be determined more accurately with other modes. All four parameters,
|AD−s K+|, |λD−s K+| and δ ± γ, can, in principle, be extracted from the time dependent
data for the four decay processes. For example, the overall normalization |AD−s K+|2 can
be extracted from Γ[B0s (t = 0) → D−s K+] and Γ[B¯0s (t = 0) → D−s K+], and the value of
|λD−s K+| can then be obtained from Γ[B0s (t = 0)→ D−s K+] and Γ[B¯0s (t = 0)→ D−s K+]. In
actuality, one performs a simultaneous fit for |λ|, |A|, δ and γ from the experimental data on
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the four channels. Note, the measurements determine only sin(δ ± γ) and cos(δ ± γ). This
determines both δ and γ (which we are most interested in) up to the two fold ambiguity,
(δ, γ); (δ + π, γ + π). (6.114)
Aside from the issue of gathering enough statistics to obtain accurate time dependent
rates, there are two situations for which data may not be able to unambiguously fit all the
coefficients as suggested above:
(1) ∆ms is so large that the time resolution is insufficient to extract the “sin” and “cos”
terms.
(2) ∆Γs/Γs is so small that the “sinh” term does not become large enough to be distin-
guished.
In case (1) the crucial problem is the finite time resolution of the detector. To get a
feeling for how this affects the data, let us assume the time resolution of the detector has a
Gaussian spread with a width σ/Γs. If xsσ ≫ 1, the oscillating terms will be damped due
to the smearing by ∼ exp(−x2sσ2/2) and only the “cosh” and “sinh” terms survive. In this
regime we are, in effect, seeing B0s states as incoherent mixtures of B
L
s and B
H
s , without
the knowledge of the coherence between the states encoded in the oscillatory terms. If the
data allows us to isolate the “sinh” and “cosh” terms, we will be able to extract cos(δ + γ)
and cos(δ − γ). This then allows us to determine (δ, γ) up to the following ambiguity:
(±δ,±γ); (±γ,±δ); (π ± δ, π ± γ); (π ± γ, π ± δ). (6.115)
In particular, γ has an 8-fold ambiguity between {±γ, π ± γ,±δ, π ± δ}. This could be
reduced to a 4-fold ambiguity if a second final state, such as D−s K
∗, is also analyzed in a
similar fashion, provided the two values of δ are significantly different.
In case (2), that is, if ∆Γs/Γs is so small that the “sinh” and “cosh” terms cannot be
measured, we are in a similar situation except that we now can only determine sin(δ + γ)
and sin(δ − γ). In this case, a given solution (δ, γ) produces the same results as:
(δ, γ); (π + δ, π + γ); (π − δ,−γ); (−δ, π − γ); (π
2
− γ, π
2
− δ);
(−π
2
− γ,−π
2
− δ); (π
2
+ γ,−π
2
+ δ); (−π
2
+ γ,
π
2
+ δ). (6.116)
Consequently, γ has an 8-fold ambiguity between {±γ, π ± γ, π2 ± δ,−π2 ± δ} and again an
additional mode such as D−s K
∗ will reduce this to a 4-fold ambiguity if the two modes have
significantly different values of δ.
6.4.1.2 B−→ D0K−: Introduction
In the Standard Model b→ cu¯s and b→ c¯us transitions have a relative CKM phase γ. In
the case of the B− → K−D0(D¯0) decay mode, the sensitivity to γ is achieved through the
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interference of common decay modes of theD0 and D¯0 channels. The Gronau-London-Wyler
(GLW) method [90] extracts γ by measuring the B± decay rates to D0/D¯0 mesons. If the
D0 and D¯0 decay to a CP eigenstate, then the two decays B− → K−D0 and B− → K−D¯0
lead to a common final state and can give rise to CP violating effects. However, the
two interfering amplitudes are very different in magnitude and thus the interference effects
are limited to O(10%). Another problem is that it is necessary to measure separately the
branching ratios B(B− → K−D0) and B(B− → K−D¯0). While the former can be measured
in a straightforward way, the latter is very difficult to measure.
Recently Atwood, Dunietz and Soni [91] have pointed out that CP violation can be
greatly enhanced for decays to final states that are common to both D0 and D¯0 but are not
CP eigenstates. In particular, large asymmetries are possible for final states f such that
D0 → f is doubly Cabibbo suppressed and D¯0 → f is Cabibbo allowed.
The Atwood, Dunietz and Soni method requires the determination of branching ratios
for at least two distinct final states f1 and f2.
We define the following quantities :
a = B(B− → K−D0) (6.117)
b = B(B− → K−D¯0) (6.118)
c(f1) = B(D0 → f1), c(f2) = B(D0 → f2) (6.119)
c(f¯1) = B(D0 → f¯1), c(f¯2) = B(D0 → f¯2) (6.120)
d(f1) = B(B− → K−f1), d(f2) = B(B− → K−f2) (6.121)
d¯(f1) = B(B+ → K+f1), d¯(f2) = B(B+ → K+f2) (6.122)
Assume that we can measure the quantities a, c(f1), c(f2), c(f¯1), c(f¯2), d(f1), d(f2), d¯(f1)
and d¯(f2) but not b.
We can express d(f1) in terms of a, b, c(f1), c(f¯1), the strong phase ξ1 and the weak
phase γ.
d(f1) = a× c(f1) + b× c(f¯1) + 2
√
a× b× c(f1)× c(f¯1) cos(ξ1 + γ) (6.123)
d¯(f1) = a× c(f1) + b× c(f¯1) + 2
√
a× b× c(f1)× c(f¯1) cos(ξ1 − γ) (6.124)
d(f2) = a× c(f2) + b× c(f¯2) + 2
√
a× b× c(f2)× c(f¯2) cos(ξ2 + γ) (6.125)
d¯(f2) = a× c(f2) + b× c(f¯2) + 2
√
a× b× c(f2)× c(f¯2) cos(ξ2 − γ) (6.126)
These four equations contain the four unknowns ξ1, ξ2, b and γ which can be determined
up to discrete ambiguities. Adding additional decay modes will reduce the ambiguities. The
strong phases ξi are related to the D decay phase shifts δi by the relation :
ξ1 − ξ2 = δ1 − δ2. (6.127)
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If the D decay phase shifts can be determined elsewhere then we have an extra constraint
on the equations. This method measures direct CP violation and does not require tagging
nor time-dependent measurements. If we add a third decay mode we have six equations
with five unknowns which will help to resolve ambiguities.
6.4.2 B → DK: CDF Report
We summarize the study of measuring the unitarity triangle angle γ at CDF in Run II, first
using the decay mode B0s → D−s K+ and second exploiting the decay B− → D0K−.
6.4.2.1 B0s → D
−
s K
+: CDF Report †
As outlined in Sec. 6.4.1.1 above, the decay mode B0s → D−s K+ probes the unitarity triangle
angle γ by CP violation due to interference of decays with and without mixing [19,92] (see
also Sec. 6.1.3). The weak amplitude of B0s ↔ B¯0s mixing is approximately real, as is the
weak amplitude of the decay B0s → D−s K+. But the decay B¯0s → D−s K+ has a non-zero
phase which is approximately the angle γ of the unitarity triangle. Thus, the overall CP
violating weak phase of this decay is γ to the accuracy of the Wolfenstein parameterization
of the CKM matrix (O(10−4)).
The decay rates given in Eq. (6.113) allow the extraction of sin(γ ± δ). If ∆Γs/Γs is
large enough, cos(γ ± δ) may additionally be extracted [10]. Since the cos(γ ± δ) terms
are identical for the same final states, tagging is unnecessary to measure cos(γ ± δ) and
a much larger untagged sample may be used. Extracting cos(γ ± δ) with the untagged
sample has the additional benefit of not needing to resolve the rapid B0s ↔ B¯0s oscillations.
Unfortunately, the two measurements cannot extract γ separately, but they can be used to
constrain the tagged fit and resolve discrete ambiguities in extracting γ from sin(γ ± δ).
If ∆Γs/Γs is too small to allow an extraction of cos(γ ± δ), theoretical input on δ will
likely be necessary. Although a measurement of sin(γ ± δ) may exclude much of the (γ, δ)
plane, the discrete ambiguities are such that projecting onto the γ axis usually does not
exclude much of γ, even with fairly small errors on sin(γ ± δ). The current theoretical
prediction of |δ| < 5◦ [93], however, is sufficient to exclude most discrete ambiguities.
An additional subtlety which must be considered is the possibility of measuring an
unphysical value of sin(γ±δ) > 1. If either sin(γ±δ) is very near or at 1, even measurements
with small errors would frequently produce unphysical results of sin(γ ± δ) > 1. Thus a
technique such as the unified approach of Feldman and Cousins [94] must be used to convert
the measured amplitude of sin(γ±δ) to the quantities of interest, γ and δ, rather than relying
upon a straightforward trigonometric transformation.
†Authors: S. Bailey and P. Maksimovic´.
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Figure 6.17: Mass plot for the B0s → D−s K+ signal (marked DsK) and various
physics backgrounds. The S/B in the signal region is 1/3 before any particle iden-
tification.
Background Studies
The reduction of backgrounds will be one of the primary challenges for using the B0s →
D−s K
+ mode at CDF. The physics backgrounds which closely mimic the signal are given
below where the branching ratios used in this study are estimated branching fractions.
Background Mode B × 10−3 Signal Mode B × 10−3
B0s → D−s π+ 3.0 B0s → D−s K+ 0.2
B0s → D∗−s π+ 3.0 B0s → D+s K− 0.1
B0s → D∗−s K+ 0.2
B0s → D∗+s K− 0.1
B0 → D−s π+ 0.1
B0 → D∗−s π+ 0.1
As shown in Figure 6.17, reconstructing the physics backgrounds as B0s → D−s K+
produces a mass shift away from the B0s mass such that the S/B in the B
0
s mass region is
1/3 even though the ratio of branching fractions is much worse.
Combinatoric backgrounds are expected to be the primary concern. A S/B study for
B0s → D−s π+ using CDF Run I data concluded that a S/B in the range 1/2 to 2/1 was
reasonable for that mode. That study was statistics limited and did not consider the
S/B improvements that will be achieved using the 3-dimensional vertexing capabilities of
the SVX II detector and dE/dx cuts. Without including those improvements, scaling for
branching fractions produces a nominal combinatoric S/B for B0s → D−s K+ of 1/15.
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Figure 6.18: Example signal to background ratio S/B as a function of the dE/dx
separation power between kaons and pions.
Figure 6.18 shows the resulting S/B (physics and combinatoric) after applying dE/dx
cuts as a function of the dE/dx separation power. The cuts used here have a constant
signal efficiency corresponding to 850 signal events. For this study we use a nominal S/B
of 1/6 which corresponds to a dE/dx separation power of 1.1 σ.
Results of Toy Monte Carlo Study
To study CDF’s sensitivity to measuring γ using this mode, we wrote a Toy Monte Carlo plus
fitter. We generated signal events according to the decay rate Equations (6.113) and added
background events with appropriate proper time dependencies. The events were smeared
by a Gaussian resolution function and (mis)assigned an observed flavour according to a
mistag probability. We fit these data using an unbinned likelihood method and compared
the results and their errors with the input values.
The central values used as input parameters for this study are given in Table 6.11.
The left table lists physical parameters to be measured over which we have no control.
The chosen values are based upon Standard Model predictions [95]. The right table lists
parameters which are CDF dependent and may be improved with effort. Their values are
chosen based upon other CDF II studies. N is the number of reconstructed events before
flavour tagging is applied. Our study shows that CDF expects to reconstruct about 850
B0s → D−s K+ signal events in 2 fb−1 of Run II data. While studying the dependence of the
error upon a given parameter, we kept the rest of the parameters fixed at these values.
Figure 6.19 shows the dependence of the error on the number of pre-tagged signal events
for both S/B = 1/6 (upper points) and S/B = 1/1 (lower points). The points correspond
to approximately 2, 5, 10, and 20 fb−1 of data.
Figure 6.20 shows how the errors scale with the proper time resolution σt, the effective
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Parameter Standard Model Estimate Parameter CDF II Estimate
γ 90◦ σt 0.03
δ 10◦ εD2 0.113
|Af |/|A¯f |
√
1.4/2.4 N(B0s → D−s K+) 850
xs 20 S/B 1/6
xd 0.723
∆Γs/Γs 0.16
Table 6.11: Central values of parameter used in the study of B0s → D−s K+ at
CDF.
tagging efficiency εD2, the B0s mixing parameter xs and the ratio of decay amplitudes ρ.
The triangles represent the error using the central values of the input parameters, while the
squares are the errors from varying one parameter while leaving the others fixed. The curves
are the theoretical errors discussed below. The lower points and curves are for S/B = 1/1
for comparison.
The expected error on sin(γ ± δ) is closely modeled by the following expression:
σ(sin(γ ± δ)) = 1Dres
1
Dbkg
1
Dfit
1√
εD2N (6.128)
where Dres = e−σ2t x2s/2, Dbkg =
√
S
S+B , εD2 is the effective flavour tagging efficiency and
Dfit is normalized to the error obtained using the central values of the input parameters.
A discussion of the terms of this equation may be found in Ref. [96]. There was very little
dependence of the errors upon the values of γ, δ and ∆Γs/Γs.
In conclusion, an initial measurement of γ using B0s → D−s K+ should be possible with
CDF in Run II. Within the first 2 fb−1, the expected error on sin(γ ± δ) is around 0.4
to 0.7 depending upon what the background levels turn out to be. By the end of Run II
an uncertainty near 0.1 may be achievable. The most limiting factors for CDF II are the
background levels and the overall signal size. There are significant uncertainties on these
parameters, but our Toy Monte Carlo studies indicate that Eq. (6.128) is an accurate
predictor of the error over a wide range of input parameters.
6.4.2.2 B−→ D0K−: CDF Report †
In this section, we evaluate the prospects of measuring the CKM angle γ using the decay
channel B− → D0K− → [Kπ]K− at CDF in Run II. This requires the knowledge of all
branching fractions involved, where we list the estimated branching ratios used as input for
this study in Table 6.12.
†Authors: A. Cerri, G. Punzi and G. Signorelli.
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Figure 6.19: The error on sin(γ ± δ) from Toy Monte Carlo experiments as a
function of the number of observed B0s → D−s K+ events N . The points correspond
to approximately 2, 5, 10, and 20 fb−1 of data.
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Figure 6.20: The error on sin(γ ± δ) from Toy Monte Carlo experiments as a
function of (a) xs, (b) the ratio of decay amplitudes ρ, (c) the proper time resolution
σt and (d) the effective flavour tagging efficiency εD2. The triangle is the error using
the central values of all parameters with a S/B = 1/6. The curve is the theoretically
expected error. The lower points and curves are for S/B = 1/1.
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B(B+ → K+D¯0) = 2.6 ± 0.08× 10−4 CLEO
B(B+ → K+D0) ≈ 2× 10−6 Estim. [91]
B(D¯0 → K−π+) = 1.3 ± 0.3× 10−4 CLEO
B(D¯0 → K+π−) = 3.8 ± 0.1× 10−2 PDG
Table 6.12: Estimated branching ratios of decays involved in the analysis of B− →
D0K− → [Kπ]K− at CDF.
Beginning with Equations (6.123) - (6.126) as shown in Sec. 6.4.1.2, the number of events
in each channel, which we will shortly refer to as X1/2 and Y1/2, is given by
X1/2 = d1/2 · [σB η1/2 ǫ1/2 L] and Y1/2 = d¯1/2 · [σB η1/2 ǫ1/2 L] (6.129)
where σB is the B
+ production cross section, ǫ1/2 is the detector acceptance times the
trigger efficiency for the corresponding channel, η1/2 is the efficiency on the signal from
offline requirements and L is the integrated luminosity. From the measurement of X1, X2,
Y1 and Y2, as well as knowing [σB η1/2 ǫ1/2 L], it is formally possible to invert the relations
given in Eqs. (6.123) - (6.126) to obtain a value for cos(ξ1/2 + γ) and cos(ξ1/2 − γ).
As a first step, we evaluate the resolution on the angle γ when γ lies in the range
60◦ < γ < 100◦ and ξ in the range −10◦ < ξ < 30◦, as suggested by Standard Model
fits [97]. We use a Toy Monte Carlo to estimate the resolution on the studied parameters
in the following way. We extract γ and ξ within their range and the values of all branching
fractions from Gaussian distributions around their nominal values. With these parameters,
and a given signal to noise ratio, we calculate the expectation values of the number of
events in each channel, x¯ and y¯. X and Y are then obtained from a Poisson distribution
around those values. From such “pseudo-measurements” we obtain the values of γ̂ and
ξ̂ that maximize the likelihood. We then plot the distribution of the experimental error
γ̂ − γ, averaged over the whole range of γ and ξ considered, and extract its sigma by a
Gaussian fit. In Figure 6.21 we show an example distribution using 140 observed events,
zero background, and a 10% uncertainty on all branching ratios involved. The sigma of this
distribution is about 9◦.
Given the good behavior of the resolution function even with this small sample, we
decided it was more convenient to replace the Monte Carlo method by a semi-analytical
calculation of the resolution using the standard approximation based on the Hessian matrix
of the Likelihood function. This makes it easier to plot the dependence on various param-
eters. We explicitly checked that this method gives the same results as the Toy Monte
Carlo.
Collection of Data Sample
The data sample considered here, B− → D0K− → [Kπ]K−, will be accumulated with the
two-track hadronic trigger used for the collection of B → ππ/KK events (see Sec. 6.3.2.1).
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Figure 6.21: Deviation of the value of γ obtained from the fit and the value of γ
used as input in the Monte Carlo study. We neglected backgrounds and assumed
a 10% uncertainty on the four branching ratios. Note, one of the four branching
fractions, namely D0 → K−π+, is at present known to better than 3%.
2 SVT tracks with pT > 2 GeV/c
100 µm < d < 1 mm for the two tracks
~pT · ~XV > 0.2 GeV/c · cm
Table 6.13: L2 trigger cuts proposed for multibody B decay selection.
To optimize the event selection efficiency, we performed a study of varying Level 2 trigger
requirements and ended up with a slightly modified version of the hadronic two-track trigger.
In Table 6.13 we show the L2 selection requirements as proposed for the multi-body B decay
selection. For the determination of the corresponding number of expected signal events, we
use a B+ production cross section of (3.35 ± 0.68) µb and integrated luminosities of 2, 10
and 30 fb−1 (see Table 6.14). The Level 2 trigger efficiencies for the [Kπ]K− final state are
0.59%, 0.52% and 0.40% for the three different Tevatron operating scenarios A, B and C,
respectively.
Background
The reduction of backgrounds is the most important issue to address at CDF. Note, the
signal we are considering here is two orders of magnitude smaller than the number of
B0 → π+π− events. A detailed study of the contribution of the combinatoric background
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Int. Luminosity Scenario A Scenario B Scenario C
2 fb−1 135 120 90
(1:14) (1:12) (1:9)
10 fb−1 675 585 450
(1:70) (1:60) (1:45)
30 fb−1 2025 1755 1350
(1:200) (1:175) (1:135)
Table 6.14: Expected event yields for B− → [Kπ]K− for different Tevatron op-
eration scenarios. The worst S : B ratio that can be tolerated when requiring a
resolution on γ better than ≈ 30◦ is given in parenthesis.
Channel B
B+ → D¯0K+ 2.6 × 10−4
B+ → D0K+ 2× 10−6
B+ → D¯0π+ 5× 10−3
B0 → D¯0π+(π−) 2.1 × 10−3
D¯0 → K−π+ 1.3 × 10−4
D¯0 → π−K+ 3.8 × 10−2
D¯0 → π−π+ 1.5 × 10−3
Channel yield/S
B+ → [K−π+]K+ 1
B+ → [π−K+]K+ 47
B+ → [π−π+]K+ 2
B+ → [K−π+]π+ 3
B+ → [π−K+]π+ 910
B+ → [π−π+]π+ 36
Table 6.15: Branching ratios of potential physics backgrounds. The right table
lists the relative abundance of each final state configuration with respect to the
signal. Note, the channel B+ → [π−K+]π+ is about 1000 times larger than the
signal.
has not been performed. To obtain a reliable background estimate, we will need real Run II
data. We therefore concentrate on the “physics background” consisting of B decay channels
which are difficult to separate from the signal. Most of them differ from the signal only in
the identity of the final sate particles. Some of them are given in Table 6.15. The channel
B± → D0π± is kinematically almost identical to the signal B± → D0K± and its branching
ratio is an order of magnitude larger. The decay B0 → D∗−π+ → D¯0(π−)π+ is similar to the
previous one, with the difference that the reconstructed fake B+ meson has a reduced mass.
D¯0 → π+π− decay modes are potential backgrounds. The decay B+ → [K+π−]K+ results
from combining the two Cabibbo-allowed decays, and is potentially the most dangerous
channel, being two orders of magnitude larger than our signal.
A detailed description of CDF’s capability to separate signal from background is beyond
the scope of this report, but we want to give the reader an idea of possible methods for
signal to background reduction. Figure 6.22 shows the invariant mass distribution of pairs
of D daughter particles, obtained by assigning the pion mass to the particle with the same
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Figure 6.22: Invariant mass distribution of pairs of D daughter particles, obtained
by assigning the pion mass to the particle with the same charge as the B− meson
and the kaon mass to the other particles. In (a) the scale is arbitrary, while in (b)
the correct normalization between physics backgrounds and signal is used.
charge as the B− meson and the kaon mass to the other particles. In Figure 6.22(a) the
scale is arbitrary, while in (b) the correct normalization between physics backgrounds and
signal is used.
We plan to perform the signal to physics background separation both with particle
identification and kinematics. If we assign incorrect rest masses to the final state particles,
both the D and B mass distributions will appear wider and/or shifted. A special case is
the contribution of B0 mesons, where a charged pion is lost and the reconstructed “B−”
has a significantly lower mass. We see from Table 6.15 that the size of this background is
40% of the corresponding contribution from real B−. However, in a window of ±50 MeV/c2
around the nominal B− mass, only a fraction of 3.9% of B0 decays remain. We therefore
neglect the contribution of B0 with respect to real B−.
A more refined analysis is needed to reject real B− background by exploiting the mass
differences due to missassigned particle identities. Many different methods of various degree
of refinement can be used. Here we only want to give an example illustrating that a
powerful background rejection is achievable. Let’s assume we consider final states with three
particles, [a+b−]c+, and want to identify a, b and c. We can formulate several hypotheses,
e.g. I = {a = K; b = π; c = K}. Given a set of hypotheses I = {I1, . . . , IN}, we can
compute the distances d from the true PDG masses [62]
dD(Ik) =
∣∣∣M(D|Ik)−M(D)true∣∣∣ and dB(Ik) = ∣∣∣M(B|Ik)−M(B)true∣∣∣ . (6.130)
We call
dT (Ik) =
√
dD(Ik)2 + dB(Ik)2 (6.131)
Report of the B Physics at the Tevatron Workshop
202 CHAPTER 6. CP VIOLATION
and consider the right hypothesis Ik for which dT (Ik) is smallest.
With this algorithm we obtain signal efficiencies of (90 ± 1)% and (0.8 ± 0.2)% for
background events. This method provides more than a factor of 100 in background rejection,
reducing the physics background to a level of B/S = 9 : 1.
The B/S ratio can be further improved by using CDF’s particle identification capabili-
ties from the energy loss measurement dE/dx in the COT. From this study we expect the
combined application of kinematical selections and particle identification to have a suffi-
cient rejection power against physics backgrounds. However, we expect the combinatoric
background to be an important issue. From the numbers in Tab. 6.14 we see that if the
combinatoric background were negligible, a resolution of 15◦ on γ can be achieved assuming
B(B+ → K+D0) is determined with sufficient precision (≈ 20%).
In conclusion, we discussed a method for measuring γ in Run II using charged B decays.
We expect to collect a small but significant sample of both candidate channels for this
analysis by using the two-track hadronic trigger at CDF. The physics background can be
brought down to the same level as the signal, but there could be considerable combinatoric
background. If we are able to reduce the combinatoric background to a level comparable to
the signal, we expect a significant measurement of γ with this method in Run II.
6.4.2.3 Fully Hadronic B Decays Accessible at CDF in Run II †
The selection of the decay modes B0s → D−s K+ and B− → D0K− is based on collecting
these events with the two-track hadronic trigger which was originally designed to select
a large sample of B0 → π+π− decays but is also used to obtain B0s → D−s π+ events for
the measurement of B0s flavour oscillations (see Sec. 6.3.2.1). In the context of evaluating
the yield of fully reconstructed B− → D0K− events, a more systematic study has been
performed to explore the event yields of other potential CP modes that could be collected
with the two-track hadronic trigger at CDF. The list of decay modes compiled was assembled
under the aspect of some interest being expressed in the literature for a particular decay
mode. Because of CDF’s poor efficiency to reconstruct decays involving photons, decay
modes with neutral particles in the final state were not considered in this study. The list of
decays has been completely specified up to the final state daughters and a rough estimate of
the involved branching fractions was determined. We briefly want to summarize the results
of this study to give the reader an idea about event yields for potential CP modes that
could be collected at CDF with the two-track hadronic trigger.
The study of the different decay modes used a Monte Carlo generator that simulates only
a single B hadron and its decay products which was completely appropriate for this study.
The final event yield is the result of an event selection based on a parametric simulation
of the two-track trigger path and a rough geometric acceptance calculation for the whole
event, including parametrized detector and trigger efficiencies. The estimate of the total
number of expected events assumes a B+ production cross section of (3.35 ± 0.68) µb for
|y| ≤ 1 and pT (B) ≥ 6 GeV/c.
†Author: A. Cerri.
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In Table 6.16 we list the estimated total branching ratio and the expected number of
events per 1 fb−1 for several neutral B decay modes. The corresponding numbers of events
for B+ and B0s decay modes are listed in Table 6.17 and Table 6.18, respectively. It is clear
from that study that the two-track hadronic trigger will allow CDF to collect significant
datasets of fully hadronic B decays. This will be the source of a rich B physics program at
CDF involving many different B decay modes.
6.4.3 B → DK: BTeV Report †
Several suggestions on how to measure the CKM angle γ have been discussed in Section 6.1.
While discrete ambiguities are inherent in each of these methods, using several methods will
help remove some of these ambiguities as well as help control systematic errors. We report
first the BTeV studies for CP Violation in B0s → D−s K+ followed by B− → D0K− in
Section 6.4.3.2.
6.4.3.1 B0s → D
−
s K
+: BTeV Report
A study of the reconstruction efficiency has been performed for the decay modes
B0s → D−s K+, D−s → φπ−, φ→ K+K− and
B0s → D−s K+, D−s → K∗0K−, K∗0 → K+π−.
(6.132)
The events were generated with Pythia and the detector modeled using BTeVGeant. Each
event consists of a bb¯ interaction and a mean of two minimum bias interactions, to simulate
a luminosity of 2 × 1032 cm−2s−1. Loose cuts were applied initially and the tighter cuts
were chosen after the background was studied.
For the D−s → φπ− decay mode the following requirements were used. At least one of
the kaons from the φ decay and also theK+ from the B0s decay were required to be identified
in the RICH. The impact parameter with respect to the primary vertex had to be > 3σ
for all four charged tracks. To reduce the background due to “detached” tracks that come
from other interactions, we require that the impact parameter with respect to the primary
vertex be less than 0.2 cm for all tracks. The φ and D−s were required to be within ±2.5σ
of their nominal mass. The distance between the primary vertex and D−s decay vertex has
to be L < 8.0 cm and L/σL(D
−
s ) > 10.0. We also require L/σL(B
0
s ) > 4.0. The transverse
momentum of the B0s with respect to its line of flight from the primary vertex was required
to be less than 1.0 GeV/c. The impact parameter with respect to the primary vertex was
required to be less than 3σ for the reconstructed B.
The distributions of L/σL and the mass peaks for the D
−
s and B
0
s are shown in Fig 6.23.
The combined geometric acceptance and reconstruction efficiency was found to be 4.5%. If
we require both kaons from the φ decay to be identified in the RICH, the efficiency drops
to 2.5%. Of the events that passed these analysis cuts, 74% passed the secondary vertex
trigger. For the D−s → K∗0K− mode, we used the same cuts except that both kaons from
†Author: P.A. Kasper.
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Decay Subsequent Decay Total B N per 1 fb−1
B0 → π+π− 4.3 · 10−6 4900 ± 2100
B0 → D±π∓ D± → K∓π±π± 2.7 · 10−4 81000 ± 18000
B0 → D∗±π∓ D∗− → D¯0π−,D0 → K−π+ 7.9 · 10−5 20000 ± 4600
B0 → D∗±π∓ D∗− → D¯0π−,D0 → K0Sπ+π− 4 · 10−5 7100 ± 1600
B0 → D∗±π∓ D∗− → D¯0π−,D0 → K−π+π+π− 1.5 · 10−4 17000 ± 4200
B0 → D0K0S D0 → K−π+,K0S → π+π− 5 · 10−7 92± 21
B0 → D0K0S D0 → K0Sπ+π−,K0S → π+π− 2.5 · 10−7 21 ± 5.3
B0 → D0K0S D0 → K−π+π+π−,K0S → π+π− 9.7 · 10−7 74± 19
B0 → D0K∗0 D0 → K−π+,K∗0 → K+π− 2.5 · 10−7 71± 16
B0 → D0K∗0 D0 → K0Sπ+π−,K∗0 → K+π− 1.3 · 10−7 17 ± 4.1
B0 → D0K∗0 D0 → K−π+π+π−,K∗0 → K+π− 4.9 · 10−7 60± 14
B0 → D1,2K∗0 D1,2 → (π+π−,K+K−)K∗0 → K+π− 1 · 10−8 2.3± .5
B0 → D∗0K∗0 D0∗ → D0π0,D0 → K−π+ 1 · 10−7 22± 5
B0 → D∗0K∗0 D0∗ → D0π0,D0 → K0Sπ+π− 5 · 10−8 7.4± 1.8
B0 → D∗0K∗0 D0∗ → D0π0,D0 → K−π+π+π− 2 · 10−7 21 ± 5.2
B0 → D1K0S D1 → (π+π−,K+K−) ,K0S → π+π− 4 · 10−8 6± 1.4
B0 → φK0S φ→ K+K−,K0S → π+π− 3 · 10−6 350 ± 85
B0 → D+D− D± → K∓π±π± 3 · 10−6 560± 130
B0 → D∗+D∗− D∗− → D¯0π−,D0 → K−π+ 4 · 10−7 69± 16
B0 → D∗+D∗− D∗− → D¯0π−,D0 → K0Sπ+π− 2 · 10−7 13 ± 3.4
B0 → D∗+D∗− D∗− → D¯0π−,D0 → K−π+π+π− 7.8 · 10−7 49± 13
B0 → D∗+D∗−K0S D∗− → D¯0π−,D0 → K−π+ 4.5 · 10−6 450± 110
B0 → D∗+D∗−K0S D∗− → D¯0π−,D0 → K0Sπ+π− 2.3 · 10−6 86± 27
B0 → D∗+D∗−K0S D∗− → D¯0π−,D0 → K−π+π+π− 8.8 · 10−6 260 ± 86
B0 → ρ0ρ0 ρ0 → π+π− 1 · 10−6 330 ± 72
B0 → D+D−K0S D± → K∓π±π±, K0S → π+π− 7 · 10−6 630± 160
B0 → D±π∓K0S D± → K∓π±π±, K0S → π+π− 1 · 10−5 1000 ± 260
B0 → D0CPπ+π− D0CP → π+π−,K+K− 1 · 10−5 2900 ± 640
B0 → K∗+π− K∗+ → K0Sπ+ → π+π−π+ 2 · 10−6 400 ± 91
B0 → D±s K∓ D±s → φπ±, φ→ K+K− 4.1 · 10−6 1000 ± 220
B0 → D0ρ0 D0 → K−π+ 1.5 · 10−5 3900 ± 870
B0 → D0ρ0 D0 → K0Sπ+π− 7 · 10−6 1100 ± 250
B0 → D0ρ0 D0 → K−π+π+π− 3 · 10−5 4300 ± 1000
B0 → ρ0K0S ρ0 → π+π−, K0S → π+π− 2.6 · 10−5 2400 ± 620
B0 → D−s K+ D±s → φπ±, φ→ K+K− 7 · 10−6 1700 ± 380
Table 6.16: Estimated total branching ratio and expected number of events per
1 fb−1 for several hadronic B0 decay modes.
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Decay Subsequent Decay Total B N per 1 fb−1
B± → D0K± D0 → K−π+ 7.5 · 10−8 28± 6.1
B± → D0K± D0 → K0Sπ+π− 3.8 · 10−8 5.4± 1.3
B± → D0K± D0 → K−π+π+π− 5.2 · 10−8 8.2± 1.9
B± → K∗±ρ0 ρ0 → π+π−,K∗+ → K0Sπ+,K0S → π+π− 1.7 · 10−6 180 ± 45
B± → π±ρ0 ρ0 → π+π− 9 · 10−6 3400 ± 730
B± → π+π−π± 3.5 · 10−5 16000 ± 3500
B± → K+K−π± 1.5 · 10−5 5300 ± 1200
B± → K±K0S K0S → π+π− 6.8 · 10−6 200 ± 67
B± → π±K0S K0S → π+π− 1.6 · 10−5 340 ± 130
B± → φK± φ→ K+K− 1.2 · 10−5 3800 ± 830
Table 6.17: Estimated total branching ratio and expected number of events per
1 fb−1 for several hadronic B+ decay modes.
Decay Subsequent Decay Total B N per 1 fb−1
B0s → K∗K¯∗ K∗0 → K±π∓ 1 · 10−6 110 ± 24
B0s → K∗+K∗− K∗∓ → K0π, K0 → ππ 1 · 10−6 78± 18
B0s → D¯0φ D0 → K−π+, φ→ K+K− 1.1 · 10−7 12± 2.7
B0s → D¯0φ D0 → K0Sπ+π−, KS → π+π− 5.3 · 10−8 2.2 ± .5
B0s → D¯0φ D0 → K−π+π−π+, φ→ K+K− 2.2 · 10−7 14± 3.3
B0s → D¯0K¯∗0 D0 → K−π+, K∗0 → K±π∓ 4.6 · 10−6 430 ± 96
B0s → D¯0K¯∗0 K∗0 → K±π∓ 2.2 · 10−6 140 ± 33
B0s → D¯0K¯∗0 K∗0 → K±π∓ 9 · 10−6 600± 140
B0s → D±s π∓ D±s → φπ±, φ→ K+K− 5.3 · 10−5 6200 ± 1400
B0s → D±s π∓π+π− D±s → φπ±, φ→ K+K− 1.4 · 10−4 7700 ± 1800
Table 6.18: Estimated total branching ratio and expected number of events per
1 fb−1 for several hadronic B0s decay modes.
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Figure 6.23: L/σL and mass peaks for B
0
s and D
−
s at BTeV.
the D−s decay were required to be identified in the RICH. The combined reconstruction
efficiency and geometric acceptance for the D−s → K∗0K− mode was found to be 2.3%, and
the trigger efficiency for the events passing the analysis cuts was 74%.
The results of the tagging study described in Sec. 5.5 indicate that we can expect a
tagging efficiency ε = 0.70 and a dilution D = 0.37 giving an effective tagging efficiency
εD2 = 0.10. The expected number of events in 107 seconds is shown in Table 6.19.
As the CP asymmetry is diluted by a factor of e−σ
2
t x
2
s/2, good time resolution is im-
portant. Fig 6.24 is a plot of the generated proper time (tgen) minus the reconstructed
proper time (trec) for events passing the selection criteria described above. A Gaussian fit
to the residual tgen − trec distribution gives a proper time resolution σt = 0.043 ps. Given
τB0s = 1.54 ps, we obtain σt/τ = 0.03.
Background Studies
Background can arise from real physics channels such as B0s → D−s π+ and B0s → D∗−s π+
where the pion is misidentified as a kaon or comes from random combinations of a real D−s
with a K from the other B hadron in the event or the primary interaction vertex.
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Luminosity 2× 1032 cm−2s−1
Running time 107 s
Integrated Luminosity 2 fb−1
σbb¯ 100 µb
Number of bb¯ events 2× 1011
Number of B0s + B¯
0
s 5× 1010
B(B0s → D−s K+)† 2× 10−4
B(B0s → D+s K−)† 1× 10−4
B(D−s → φπ−)×B(φ→ K+K−) 1.8× 10−2
B(D−s → K¯∗0K−)× B(K¯∗0 → K−π+) 2.2× 10−2
Reconstruction efficiency 0.045 0.023
Trigger efficiency L1 0.74 0.74
Trigger efficiency L2 0.90 0.90
Number of reconstructed B0s (B¯
0
s )→ D−s K+ 8000 5100
Tagging efficiency ε 0.70
Number of tagged events 5600 3570
Table 6.19: Projected number of reconstructed B0s → D−s K+ decays († indicates
estimated branching fractions).
Figure 6.24: Proper time resolution for B0s : tgen − trec (ns).
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The combinatoric background was studied in two steps. First, generic bb¯ events were
generated in order to study the signal to background of D−s → φπ−. Preliminary results
indicate we can achieve S/B ∼ 1 and estimate that most of the combinatoric background
will come from real D−s .
Second, “B” → D−s X,D−s → φπ− events were generated to determine the background
from real D−s combinations with other tracks in the event. The D
−
s can be from directly
produced charm or from B decays. Although the charm production cross-section is expected
to be about a factor of 10 higher than the bb¯ production cross-section, the trigger efficiency
for charm events is much lower.
The background events were reconstructed as described above for the signal except that
all pion tracks were used as kaon candidates to simulate misidentification in the RICH. A
pion misidentification rate was imposed later.
For 900,000 “B¯” → D−s X,D−s → φπ− events, 10 events remained in the mass window
5.0 - 6.0 GeV/c2 after all the cuts above were applied. In all these events the kaon candidate
was really a pion. We then use a pion misidentification rate of 2% and estimate that the
combinatoric background is about 1% of the signal.
Background can also come from decays such as B0s → D−s π+, B0s → D∗−s π+ where the
pion is misidentified as a kaon. Most of the background comes from B0s → D−s π+. For
decays where there is a missing particle there is very little overlap of the reconstructed
mass with the signal region. The signal and scaled background are shown in Fig. 6.25. We
expect that this will be the largest source of background and estimate S/B ∼ 7. These
results assume that pions are misidentified as kaons at a rate of 2%. We have used the
stand-alone simulation of the RICH detector described in Sec. 5.4 to study the efficiency
of the signal versus efficiency of the background from misidentified pions. The results are
shown in Table 6.20.
Extracting ρ and sin γ from a Toy Monte Carlo Study
A Toy Monte Carlo study was performed to determine the expected error on γ. For the first
study, the input values of the parameters were chosen to be xs = 30.0, ρ = |Af |/|A¯f | = 0.7,
sin γ = 0.75, δ = 10◦ and ∆Γ/Γ = 0.16. With the Toy Monte Carlo, a set of “events”
(i.e. proper times) was generated and split into the four decay modes with correct time
distributions. The proper times were then smeared with a Gaussian of width σt = 0.03 τ ,
and a cutoff at low t which simulated a L/σL cut: tmin = 0.25 τ . A fraction of the events
were assigned to come from the “wrong flavour” parent. A mistag fraction of 32% is used.
Background events with a pure exponential time distribution are added to the “signal”
events. The background is assumed to have the same lifetime as the signal.
A maximum likelihood fit was used to find the values of ρ, γ, δ and ∆Γ. One thousand
trials were done, each of 6,800 events. The fitted values of the parameters are shown in
Figure 6.26 . The values of the input parameters were varied to study the impact on the
error. The results of the fits are shown in Table 6.21.
In conclusion, the ability of BTeV to measure the angle γ of the unitarity triangle
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Figure 6.25: Comparison of B0s → D−s K+ signal and background from B0s →
D−s X , where X contains at least one pion misidentified as a K.
B0s → D−s K+ B0s → D−s π+
0.62 0.00000
0.66 0.00184
0.73 0.00551
0.75 0.00735
0.76 0.00919
0.78 0.01287
0.79 0.01471
0.80 0.01654
0.81 0.01838
0.82 0.04596
0.84 0.07700
0.85 0.12132
0.86 0.17647
Table 6.20: Comparison of RICH efficiency for B0s → D−s K+ versus D−s π+ at
BTeV.
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Figure 6.26: Fitted values of γ, δ, and ∆Γ.
depends on several factors which are not well known at the moment, in particular the
branching fractions for B0s → D−s K+ and the B0s mixing parameter xs.
Using the estimates of branching fractions given in Ref. [19], we expect to have about
9200 reconstructed and tagged events per year at a luminosity of 2 × 1032 cm−2s−1. The
study of the sensitivity to γ presented above was done assuming 6800 tagged events and
gave error on γ of about 7◦. We expect that this will improve with the increased number
of events.
6.4.3.2 B−→ D0K−: BTeV Report
The reconstruction efficiency of the proposed BTeV detector for B− → K−D0 has been
studied for two D0 decay modes: D0 → K+π− and D0 → K−K+. Note that the K−K+
decay mode represents a CP eigenstate. In this case, even though the branching fraction
for B− → K−D¯0, D¯0 → K+K− is expected to be only 1% of B− → K−D0, D0 → K+K−,
we could still obtain a CP asymmetry up to 20%. The events are generated with PYTHIA
and the detector is modeled with MCFAST.
The reconstruction efficiency is determined requiring that all tracks be reconstructed and
can be identified in the RICH with momentum between 3 and 70 GeV/c hitting the forward
tracking plane downstream of the RICH. We assume that 98% of tracks in this momentum
range are correctly identified. The final analysis cuts are selected to give a clean D0 signal
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xs ρ δ γ ∆Γ σ(γ) σ(∆Γ)
20 0.71 10◦ 49◦ 0.16 6◦ 0.03
30 0.71 10◦ 49◦ 0.16 7◦ 0.03
40 0.71 10◦ 49◦ 0.16 8◦ 0.03
30 0.50 10◦ 49◦ 0.16 8◦ 0.03
30 0.71 10◦ 30◦ 0.16 6◦ 0.03
30 0.71 10◦ 90◦ 0.16 15◦ 0.04
30 0.71 0◦ 49◦ 0.16 6◦ 0.03
30 0.71 20◦ 49◦ 0.16 6◦ 0.03
30 0.71 10◦ 49◦ 0.06 8◦ 0.04
30 0.71 10◦ 49◦ 0.26 6◦ 0.03
Table 6.21: Results of fits with variation of input parameters at BTeV.
L/σ(B−) > 10.0
L/σ(D0) > 4.0
χ2 (B vertex) < 5.0
χ2 (D vertex) < 10
B point back to prim. vertex
D0 mass window 1.85 - 1.88 GeV/c2
Table 6.22: Selection requirements for D0 → K−π+ and D0 → K+K−.
and reduce background from random combinations with kaons. The selection requirements
are shown in Table 6.22. The reconstructed signal is shown in Fig 6.27. The fitted Gaussian
has a width of 17 MeV/c2.
The combined geometric acceptance and reconstruction efficiency is 2.6% for the D0 →
K+π− mode and 2.3% for the D0 → K+K− mode. The trigger efficiency for events that
pass the final analysis cuts is about 60% for both modes. The expected number of events
is shown in Table 6.23.
Background Studies
Generic bb¯ and cc¯ events were studied and it was found that for both types of events the
D0 → K−π+ and D0 → K−K+ signals had S/B > 5 using the same cuts as for the D0 in
the B− → K−D0 decays. Therefore only background arising from real D0 mesons need to
be considered.
Charm events with a D0 → K−π+ have a probability of 3.3% of passing the D0 analysis
cuts. The events which pass the cuts have a trigger efficiency of 10% and 0.6% of these
events have another detached K. Generic bb¯ events with a D0 have a 7.0% probability of
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(a)
(b)
Figure 6.27: (a) B− → D0K− mass [GeV/c2]. (b) Signal (solid line) and back-
ground (dashed line) from B− → π−D0 and B− → π−D0X where the π− is
misidentified as a K−.
Decay Mode K−(K+π−) K−(K+K−)
Luminosity 2× 1032 cm−2s−1
Running time 107 sec
Integrated Luminosity 2 2 fb−1
σbb 100 µb
Number of B± 1.5× 1011
Branching ratio 1.7× 10−7 1.1× 10−6
Reconstruction efficiency 0.026 0.022
Trigger efficiency 0.6 0.6
Number of reconstructed B± 410 2500
Table 6.23: Projected number of reconstructed B− → K−D0 events at BTeV.
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test 1 test 2 test 3 test 4
b (×10−5) 2.2 2.2 2.2 2.2
ξ1 45
◦ 0◦ 90◦ 70◦
ξ2 30
◦ 45◦ 10◦ 30◦
γ 65◦ 75◦ 85◦ 50◦
γ fit (67 ± 10)◦ (75± 7)◦ (85.0 ± 2.4)◦ (50.0 ± 3.2)◦
Table 6.24: Input Values of parameters and results of fit for γ at BTeV.
passing the D0 analysis cuts. These events have a trigger efficiency of 35% and 4.0% of
these have another detached K. Therefore we estimate that a generic bb¯ event is 50 times
more likely to contribute to background than a cc¯ event. Thus even though the charm
production cross-section is much larger than the bb¯ cross-section, more background will
come from bb¯ events.
Background in both modes B− → K−[K+π−] and B− → K−[K+K−] could arise from:
• B− → π−D0 where the π− is misidentified as a K−, and similar decays such as
B− → π−D∗0 and B− → ρ−D0 where there is a missing π0 and the π− is misidentified.
These decays all have a significantly higher branching fraction than the signal. If we
assume that the probability of misidentifying a π− as a K− is 2%, the relative signal
and background from these modes is shown in Fig 6.27(b). This is the most significant
source of background for the D0 → K+K− mode.
• ”B” → D¯0X events where the D¯0 forms a good vertex with a K− from the other
B hadron or from the underlying event. This was studied by generating ”B” →
D¯0X with D¯0 → K+π− events using the same reconstruction as for the signal. We
generated 1.6 million ”B”→ D¯0X, D¯0 → K+π− events. After applying the selection
requirements, no events remained in the mass window 5.0 - 5.5 GeV/c2, while one
event was found in the 5.5 - 6.0 GeV/c2 mass window.
We assume this type of background has the same trigger efficiency as the signal. We
estimate, we can achieve S/B ∼ 1 in the D0 → K+π− mode, and we expect this to
be the dominant source of background for this mode. This type of background will
be insignificant in the D0 → K+K− mode because both the signal and background
come from singly Cabibbo suppressed decays.
Extracting γ from Toy Monte Carlo Studies
To estimate our ability to measure γ, several sets of input parameters (b, γ, ξ1, ξ2) were
chosen (see Equations (6.123) to (6.126)) and for each set the expected number of events in
each channel was calculated. Then 1000 trials were done for each set, smearing the number
of events by
√
N +B. For each trial values for b and γ are calculated. The fitted values of
b and γ are shown in Table 6.24 and Fig.6.28.
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Figure 6.28: Fitted values of γ and b for input values γ = 65◦ (1.13 rad) and
b = 2.2× 10−5.
In conclusion, we expect to reconstruct about 400 B± → (Kπ)K± and 2500 B± →
(KK)K± events per year at design luminosity. With this number of events, γ can be
measured to ±10◦ for most values of γ, ξ1 and ξ2. The error on γ depends on the value
of γ and the strong phases, in particular the error decreases with increasing difference in
the strong phases. If we assume that the ratio of Cabibbo favored to doubly Cabibbo
suppressed branching fractions is the same for the two decay modes, then the equations
have no solution for |ξ1| = |ξ2|.
6.4.4 B → DK: Summary †
The CKM angle γ can be extracted via related sets of B → DK decay processes. The
two decay modes B0s → D−s K+ and B− → D0K− have been studied in this section as
an alternative method of measuring γ. The ability to measure the angle γ in the decay
mode B0s → D−s K+ depends on several factors which are not well known at the moment,
in particular the branching fractions for B0s → D−s K+ and the B0s mixing parameter ∆ms.
The lack of knowledge of certain branching fractions creates similar uncertainties to evaluate
the prospects of determining the angle γ from B− → D0K− decays.
The reduction of backgrounds, in particular physics backgrounds from the Cabibbo
†Author: M. Paulini.
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allowed process B0s → D−s π+, is the primary challenge for CDF in extracting the B0s →
D−s K
+ signal. Exploiting the D−s K
+ invariant mass as well as dE/dx information of the
final state particles, the performed studies show that a signal-to-background ratio of 1/6 can
be achieved. Assuming branching fractions as outlined in Sec. 6.4.2.1, a nominal signal of
850 B0s → D−s K+ events can be expected at CDF in 2 fb−1. Thus, an initial measurement
of γ should be possible at CDF in the beginning of Run II. Within the first 2 fb−1 of data,
the expected error on sin(γ ± δ) is 0.4 to 0.7 depending on the assumed background levels.
By the end of Run II an uncertainty near 0.1 for γ may be achievable. The most limiting
factors for CDF II are the background levels and the overall signal size.
Since the BTeV detector will have a RICH detector providing excellent π-K separation,
physics backgrounds and a clean extraction of the B0s → D−s K+ signal will play a minor
role for BTeV. With the caveats mentioned in Sec. 6.4.3.1, BTeV expects to collect about
9200 reconstructed events per year at design luminosity of 2× 1032 cm−2s−1. The study of
the sensitivity to γ presented above was done assuming 6800 tagged events and gave error
on γ of about 7◦.
A similar conclusion can be drawn for the CDF and BTeV prospects of measuring the
angle γ with charged B decays using B− → D0K−. CDF expects to collect a small sample
of about 100 signal candidates with the two-track hadronic trigger in 2 fb−1 in Run II.
There is optimism that the physics background can be brought down to the same level as
the signal, but there could be considerable combinatoric background. If the combinatoric
background can also be reduced to a level comparable to the signal, CDF would be in
the position to measure γ with an uncertainty in the order of 10-20◦ in Run II. A study
to explore the event yields of other potential CP modes that can be collected with the
two-track hadronic trigger showed that this device will allow CDF to accumulate significant
datasets of fully hadronic B decays. The two-track hadronic trigger will be the source of a
rich B physics program involving many different B decay modes at CDF in Run II.
BTeV expects to reconstruct about 400 B− → [Kπ]K− events per year at design lumi-
nosity. With this number of events, γ can be measured to ±10◦ for most values of γ, ξ1 and
ξ2. In summary, comparing both decay channels B
0
s → D−s K+ and B− → D0K− consid-
ered for extracting the angle γ, it appears that the B0s decay mode offers better prospects
of determining γ from the four time-dependent asymmetries.
6.5 Study of B → ρπ
6.5.1 B → ρπ: Introduction †
Snyder and Quinn [33] have proposed a method to measure the CKM phase α = π− β − γ
using the decays B0 → {ρ+π−, ρ0π0, ρ−π+} → π+π−π0 and CP conjugate. The method
consists in constructing the Dalitz plot for the three pions in the final state [98,99]. This
is then fitted for the expression of the rate as a function of all amplitudes, relative weak
phases and relative strong phases for this system. The ρ-resonances are described by a
†Authors: H.R. Quinn and J.P. Silva.
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Breit-Wigner function. The presence of non-zero decay widths is a source of CP -even phases
which interfere with the CP -odd and CP -even phases already present in the B → ρπ decay
amplitudes and B0-B¯0 mixing. The rich interference patterns that arise are the hallmark
of this method.
The decay amplitudes may be written as
a(B0 → π+π−π0) = f+a+− + f−a−+ + f0a00, (6.133)
where aij = a(B
0 → ρiπj), with (i, j) = (+,−), (−,+) or (0, 0), and similarly for the CP -
conjugate mode. From the Dalitz plot, the coefficient of |fi|2 fixes |ai|2, the coefficient of
f+ f
∗
0 fixes arg (a+ a
∗
0), the coefficient of f− f
∗
0 fixes arg (a− a
∗
0), and the coefficient of f+ f
∗
−
fixes arg (a+ a
∗
−). Each individual B → ρπ (|ai|2) band lies close to the edges of the Dalitz
plot, because the mass of the ρ meson is much smaller than the mass of the B meson.
Moreover, since the B and π are spinless, the ρ must have helicity zero. As a result, the
functions fk contain the Breit-Wigner resonance multiplied by the cosine of the helicity
angle θk:
fk(s) =
1
s−m2ρ + iΠ(s)
cos θk. (6.134)
This throws the events into the corners of the Dalitz plot, which contain the overlap (aia
∗
j )
regions between the different channels. In the Breit-Wigner form in Eq.(6.134), s is the
square of the invariant mass of the ρ, θk is the angle between the line of flight of the ρ and
the direction of a daughter pion (in the ρ rest frame), and the choice of the exact form
for the function Π(s) is the source of systematic uncertainties. The form advocated by the
BaBar Physics Book [3] is
Π(s) =
m2ρ√
s
(
p(s)
p(m2ρ)
)3
Γρ(m
2
ρ), (6.135)
where p(s) =
√
s/4−m2π is the momentum of the daughter pion in the ρ rest frame.
Using the unitarity of the CKM matrix, we may write all decay amplitudes as a sum
of two terms. The first term is proportional to |V ∗ubVud| and receives contributions from
tree level and penguin diagrams. The second term is proportional to |V ∗tbVtd| and receives
contributions from penguin diagrams alone. Combining this with the isospin decomposition
of the decay amplitudes [32], one may write [32,33]
a+− = e
iγ T+− + e
−iβ(P1 + P0),
a−+ = e
iγ T−+ + e
−iβ(−P1 + P0),
a00 = e
iγ T00 + e
−iβ(−P0). (6.136)
There are also electroweak penguin diagrams, but these are expected to be very small in
these channels [3,100]. P0 and P1 describe the penguin contributions to the final state with
isospin 0 and 1, respectively. The T and P amplitude parameters contain magnitudes and
CP -even phases, and the relative weak phase between their terms is α = π − β − γ. The
amplitudes for the CP conjugate decays are obtained simply by changing the signs of the
weak phase.
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There are ten observables in these decay amplitudes: nine parameters are the magnitudes
and CP -even phases in the T and P terms, except for an irrelevant overall phase; the last
parameter is α. Eight of the amplitude parameters may be fixed using untagged data
alone, with the ninth one fixed by the tagged time-integrated data [101]. Nevertheless,
time-dependent data are needed to fix the CP violating phase α. For example, one may
construct [33,67]
asum = a+− + a−+ + 2a00 = e
iγ(T+− + T−+ + 2T00). (6.137)
Therefore, using q/p = e−2iβ , one obtains for the interference CP violating quantity present
in the time-dependent decay rate,
Imq
p
a¯sum
asum
= sin 2α. (6.138)
Since q/p was used, any new phase due to new physics contributions to B0-B¯0 mixing will
affect this determination of α. In contrast, the relative weak phase between the T and P
terms (α) appears in direct CP violating observables, which are not affected by any new
physics contributions to B0-B¯0 mixing. Unfortunately, these direct CP violating observ-
ables are always affected by the unknown hadronic matrix elements in the T and P terms.
6.5.2 B → ρπ: BTeV Report †
There are three final states in B0 → π+π−π0 decays: B0 → ρ0π0, B0 → ρ+π− and
B0 → ρ−π+. CLEO has measured the average branching ratio of the latter two modes to
be (2.8+0.8−0.7 ± 0.4) × 10−5 and limits the ρ0π0 branching fraction to < 5.1 × 10−6 at 90%
confidence level [102]. The energy and angular resolution of the CDF and DØ electromag-
netic calorimeters is not good enough to detect π0’s produced in these decays with good
efficiency and low background. Even though detection of converted photons may provide
sufficient resolution, the reconstruction efficiency of this method is too low to accumulate
large statistics samples in this rare decay mode. Large statistics is necessary for the analysis
of the interfering amplitudes. Furthermore, one of the charged pions is soft in the kinematic
regions where the ρ0π0 interferes with the ρ±π∓, which makes it more difficult to trigger on
these events. BTeV, with its crystal calorimeter and generic vertex trigger, should be able
to collect and reconstruct a substantial sample of B → ρπ events.
The reconstruction efficiencies for B → ρπ and backgrounds were studied by BTeV
using a full GEANT simulation for ρ±π∓ and ρ0π0 separately. All signal and background
samples were generated with a mean of two interactions per crossing. While signal events
are relatively easy to generate, backgrounds are more difficult to estimate. For channels
with branching ratios on the order of 10−5 and efficiencies on the order of 1%, it is necessary
to generate at least 107 bb¯ background events. This is a difficult task that requires large
amounts of CPU time and data storage. Since almost 90% of the time spent in generating
the events is in the electromagnetic calorimeter, BTeV passes all the generated events
through the tracking system and performs a preliminary analysis on the charged tracks
†Authors: J. Butler, G. Majumder, L. Nogach, K. Shestermanov, S. Stone, A. Vasiliev and J. Yarba.
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before generating the calorimeter information. The output of this procedure is as realistic
as running all the events through the entire GEANT process but saves a factor of three in
computing time.
BTeV looks for events containing a secondary vertex formed by two oppositely charged
tracks. One of the most important selection requirements for discriminating the signal
from the background is that the events have well measured, and separated primary and
secondary vertices. Both the primary and the secondary vertex fits are required to have a
small chisquare (χ2/dof < 2). The distance between the primary and the secondary vertices,
divided by the error, must be large (L/σL > 4). The two vertices must also be separated
from each other in the plane transverse to the beam. BTeV defines rT in terms of the primary
interaction vertex position (xP , yP , zP ) and the secondary decay vertex position (xS , yS , zS)
as rT =
√
(xP − xS)2 + (yP − yS)2 and removes events where the secondary vertex is close
to the reconstructed primary vertex. Furthermore, to insure that the charged tracks do not
originate from the primary vertex, both the π+ and the π− candidates are required to have
a large impact parameter with respect to the primary vertex (DCA > 100 µm).
Events passing these selection criteria are passed through the electromagnetic calorime-
ter simulation which uses GEANT. To find photons from the π0 decay energies detected in
the calorimeter are clustered. Local energy maxima are taken for photon candidates. The
photon candidates are required to have a minimum energy of 1 GeV and pass the shower
shape cut which requires E9/E25 > 0.85. The shower shape cut is used to select electro-
magnetic showers. We reduce the background rate by ensuring that the photon candidates
are not too close to the projection of any charged tracks on the calorimeter. For ρ±π∓, the
minimum distance requirement is > 2 cm, while for ρ0π0, we require the minimum distance
> 5.4 cm. Candidate π0’s are two-photon combinations with invariant mass between 125
and 145 MeV/c2.
Kinematic cuts can greatly reduce the background to B → ρπ while maintaining the
signal efficiency. Minimum energy and transverse momentum (pT ) requirements are placed
on each of the three pions. Here pT is defined with respect to the B direction which is defined
by the position of the primary and secondary vertices. We demand that the momentum
vector of the reconstructed B candidate points back to the primary vertex. The cut is
implemented by requiring pT balance among the π
+, π− and π0 candidates relative to the
B meson direction and then divided by the sum of the pT values for all three particles
(∆pT /ΣpT ). BTeV also applies a cut on the B decay time requiring the B candidate to
live less than 5.5 proper lifetimes (t/τB < 5.5). The selection criteria for the two modes are
summarized in Table 6.25.
For this study, we generated three large samples of events using BTeVGeant: 125,000
B0 → ρ0π0 events, 125,000 B0 → ρ+π− events, and 4,450,000 generic bb¯ background events.
The results of the analysis after applying the cuts in Table 6.25 are presented in Fig-
ure 6.29(a) and (b) for ρ0π0 and Fig 6.29(c) and (d) for ρ+π−. The background mass
spectra are Fig. 6.29(a) and (c), while the signal events are Fig. 6.29(b) and (d).
The mass resolution for the B meson is approximately 28 MeV/c2. The mean π0 mass
value in theB → ρπ events is 135 MeV/c2 with a resolution of about 3 MeV/c2. The relevant
yields for ρπ are shown in Table 6.26. The reconstruction efficiency is (0.36 ± 0.02)% for
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Criteria ρ±π∓ ρ0π0
Primary vertex criteria χ2 < 2 χ2 < 2
Secondary vertex criteria χ2 < 2 χ2 < 2
rT [cm] 0.0146 0.0132
Normalized distance L/σ > 4 > 4
Distance L [cm] < 5 < 5
DCA of track [µm] > 100 > 100
t/τB < 5.5 < 5.5
Eπ+ [GeV] > 4 > 4
Eπ− [GeV] > 4 > 4
pT (π
+) [GeV/c] > 0.4 > 0.4
pT (π
−) [GeV/c] > 0.4 > 0.4
Isolation for γ [cm] > 2.0 > 5.4
Eπ0 [GeV] > 5 > 9
pT (π
0) [GeV/c] > 0.75 > 0.9
∆pT/ΣpT < 0.06 < 0.066
mπ0 [MeV/c
2] 125 − 145 125 − 145
mρ [GeV/c
2] 0.55− 1.1 0.55− 1.1
Table 6.25: Selection Criteria for B → ρπ at BTeV.
(a) (b) (c) (d)
Figure 6.29: Invariant π+π−π0 mass distributions for (a) background and (b)
signal events for B → ρ0π0. Invariant π+π−π0 mass for (c) background and (d)
signal events for B → ρ+π−.
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Quantity ρ±π∓ ρ0π0
Branching ratio 2.8×10−5 0.5×10−5 (†)
Efficiency 0.0044 0.0036
Trigger efficiency (Level 1) 0.6 0.6
Trigger efficiency (Level 2) 0.9 0.9
S/B 4.1 0.3
Signal/107 s 9,400 1,350
εD2 0.10 0.10
Flavour tagged yield 940 135
Table 6.26: Summary of BTeV B → ρπ event yields († indicates estimated branch-
ing fractions).
ρ0π0 and (0.44 ± 0.02)% for ρ+π−. The background was obtained by considering the mass
interval between 5 and 7 GeV/c2. The signal interval is taken as ±2σ around the B mass
or ±56 MeV/c2.
The final numbers of both signal and background events are reduced by including the
Level 1 and Level 2 trigger efficiency, but the S/B ratio is not significantly changed. From
this study BTeV expects to reconstruct about 9,400 ρ±π∓ events and 1,350 ρ0π0 events per
year (940 and 135 fully tagged events), with signal-to-background levels of approximately
4:1 and 1:3, respectively.
BTeV has not yet done a full simulation of the sensitivity to α. Final results will depend
on several unknown quantities including the branching ratio for ρ0π0 and the ratio of tree
to penguin amplitudes. The analysis by Snyder and Quinn [33] showed that with 2,000
background free events they could always find a solution for α and the accuracy was in the
range of 5-6◦. BTeV can collect these 2,000 events in 2×107 seconds, but some backgrounds
will be present. The effect of backgrounds, including contributions from other B decays into
three pions, and the influence of experimental cuts need to be addressed. One example of the
former could arise from the decay chains B → B∗π → πππ [103]. One example of the latter
is the experimental inability to access the corner of the Dalitz plot containing the f+f
∗
−
interference term. This corner is lost because soft π0 mesons have large backgrounds which
must be eliminated. Fortunately, this region probes arg (a+ a
∗
−) = arg (a+ a
∗
0)− arg (a− a∗0),
and the right-hand side can be obtained from the f+f
∗
0 and f−f
∗
0 interference regions [104] in
which the π0 is energetic. Assuming that the background presence will dilute experimental
sensitivity by a factor 2, BTeV should be able to measure α with an accuracy of about 10◦.
As described in the previous section, Quinn and Silva [101] have proposed using non-flavour
tagged rates as additional input, which should improve the accuracy of the α determination.
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6.6 Study of B0s → J/ψ η
(′)
6.6.1 B0
s
→ J/ψ η(′): Introduction
The CP asymmetry in the decay B0s → J/ψη(′) is subject to a clean theoretical interpre-
tation because it is dominated by CP violation from interference between decays with and
without mixing. The branching ratio has not yet been measured:
B(B0s → J/ψη) < 3.8× 10−3. (6.139)
The calculation of the CP asymmetry is very similar to that of the B0s → J/ψφ mode
which is discussed in Section 6.1.6.1. The quark subprocess b¯ → c¯cs¯ is dominated by the
W -mediated tree diagram:
A¯J/ψη(′)
AJ/ψη(′)
= ηJ/ψη(′)
(
VcbV
∗
cs
V ∗cbVcs
)
. (6.140)
The penguin contribution carries a phase that is similar to Eq. (6.140) up to effects of
O(λ2) ∼ 0.04. Hadronic uncertainties enter the calculation then only at the level of a few
percent.
Unlike the J/ψφ mode, here the final state consists of a vector meson and a pseudoscalar.
Consequently, the final state is a CP eigenstate, ηJ/ψη = −1, and there is no dilution from
cancellation between CP -even and odd contributions.
The CP asymmetry is then given by
ImλJ/ψη(′) = − sin 2βs. (6.141)
From a study of B0s → J/ψη(′) we will learn the following:
(i) A measurement of the CP asymmetry in B0s → J/ψη(′) will determine the value of
the very important CKM phase βs.
(ii) The asymmetry is small, of the order of a few percent.
(iii) An observation of an asymmetry that is significantly larger than O(λ2) will provide
an unambiguous signal for new physics. Specifically, it is likely to be related to new,
CP violating contributions to B0s B¯
0
s mixing.
6.6.2 B0s → J/ψη
(′): CDF Report †
Although the CDF detector is equipped with a well-segmented calorimeter for the detection
of electrons, it is less suited for the detection of low energy photons. However, at CDF it
is not impossible to reconstruct neutral mesons such as π0 or η decaying into two photons
†Authors: W. Bell, M. Paulini, B. Wicklund.
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from energy depositions in CDF’s electromagnetic calorimeter. Although a measurement
of the CP violating angle βs will probably be best approached using the B
0
s decay mode
into J/ψφ, where CDF will accumulate a large statistics sample in Run II, we present here
a preliminary study for the event yield of B0s → J/ψη(′). We will concentrate only on
the decay mode B0s → J/ψη followed by η → γγ. In this section, we will estimate the
event yield in 2 fb−1 of data using Run I data as well as Monte Carlo extrapolations, show
the feasibility of reconstructing η → γγ with the CDF calorimeter using Run I data and
estimate the expected background for reconstructing a B0s signal.
6.6.2.1 Expected Signal
To estimate the expected signal of B0s → J/ψη in 2 fb−1 in Run II, we normalize this
B0s decay mode to the B
+ → J/ψK+ channel as many uncertainties such as production
cross sections or trigger efficiencies cancel in the ratio and relative acceptances are more
reliably calculated using Monte Carlo studies. We can then use the ratio of the two expected
data signals to obtain the number of B0s → J/ψη events from the expected number of
B+ → J/ψK+ in Run II.
The starting point for this analysis is the generation of B0s → J/ψη where η → γγ is
chosen as the most favourable η decay mode accounting for (39.3± 0.3)% [62] of the decay
width. In addition, the decay channel B+ → J/ψK+ was also produced. Table 6.27 gives
a summary of the kinematic constraints applied to the generated Monte Carlo data. The
photon resolution in the CDF calorimeter was assumed to be σ(ET ) = 0.136
√
ET [105] for
this study. The four-momenta of the daughter particles were then combined to obtain the
invariant mass of the B0s candidates. In order to improve the mass resolution effected by
the energy resolution, the B0s four momentum can be corrected using the following relation:
⇀
B0s =
⇀
J/ψ +
mPDGη
mrecη
× (⇀γ1 + ⇀γ2) (6.142)
Here,
⇀
B0s ,
⇀
J/ψ and
⇀
γ refer to the four vector quantities of the respective particles while
pT of both muons ≥ 2.0 GeV/c
η of both muons ≤ 0.6
η of both photons ≤ 1.0
ET of both photons ≥ 1.0 GeV
pT of both muons ≥ 2.0 GeV/c
pT of K
+ ≥ 1.25 GeV/c
η of both muons ≤ 0.6
η of K+ ≤ 1.0
Table 6.27: Constraints used for the generation of Monte Carlo data. At the top
the constraints for J/ψη are described, while J/ψK+ is listed at the bottom.
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Figure 6.30: Distribution of B0s invariant mass minus the nominal PDG mass
value after (top) and before (bottom) the correction described in the text.
mPDGη and m
rec
η are the η table mass from the PDG [62] and the reconstructed diphoton
mass, respectively. After mass constraining the J/ψ → µ+µ− dimuon combination to the
nominal J/ψ mass and applying the correction given in Eq. (6.142), a B0s mass resolution
of better than 40 MeV/c2 can be achieved at CDF. The improvement from the uncorrected
to the corrected B0s invariant mass minus the nominal B
0
s PDG mass value is illustrated in
Figure 6.30.
To determine the expected signal for B0s → J/ψη in Run II, we used the ratio
fs
fu
B(B0s → J/ψη)B(η → γγ)
B(B+ → J/ψK+)
N(J/ψη)
N(J/ψK+)
(6.143)
relating the J/ψη signal rate to the number of B+ → J/ψK+ events. The ratio of the
fragmentation fractions fs/fu = 0.427 is taken from Ref. [84] and the B
0
s → J/ψη branching
fraction is estimated to B(B0s → J/ψη) = 4.8 × 10−4 from corresponding B0 decays. The
number of reconstructed J/ψη and J/ψK+ events starting with 1 × 106 B+/B0s mesons
were approximately 1800 versus 6700. The ratio in Eq. (6.143) finally yields approximately
0.022.
The expected number of fully reconstructed B+ → J/ψK+ events in 2 fb−1 of data
has been estimated in Section 6.2.2 to be approximately 50,000 (see also Table 6.1). With
this number and the ratio from Eq. (6.143) we estimate to observe about 1100 B0s → J/ψη
decays in 2 fb−1 in Run II. The B+ → J/ψK+ Monte Carlo generation was also checked
against the observed number of Run Ib signal events including acceptance factors.
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(a) (b)
Figure 6.31: Invariant diphoton mass distribution showing a (a) π0 → γγ and (b)
η → γγ signal in CDF Run I data.
6.6.2.2 Reconstruction of Neutrals at CDF
To demonstrate the feasibility of observing neutral particles such as π0 → γγ or η → γγ
with the CDF calorimeter, we investigated the reconstruction of low energy photons using
Run I data. Using the Run I exclusive electron trigger data, which represent a data sample
enhanced in bb¯ events, we combined photon candidates in separate calorimeter towers with
EγT > 1 GeV. Using requirements on Ehad/Eem, isolation and the pulse height in the strip
chambers, we find almost 18,000 π0 → γγ candidates on a low background as shown in
Figure 6.31(a). A similar search for η → γγ candidates yields a signal of about 1600 events
as can be seen in Figure 6.31(b).
6.6.2.3 Expected Background
To estimate the expected background rate for B0s → J/ψη in Run II, J/ψ → µµ data
from Run I were used. These data were also exploited to improve the η → γγ selection
as suggested by the Monte Carlo. We again use B+ → J/ψK+ as the reference mode
and estimate from the observed J/ψK+ signal together with Eq. (6.143) to detect six
B0s → J/ψη events in the Run I J/ψ data. To obtain an idea about the shape of the
background underneath a potential B0s → J/ψη signal, the two-dimensional distribution of
m(γγ) versus m(B0s ) is plotted in Figure 6.32(a). It appears from that figure that a large
proportion of the background can be excluded by a cut around the η invariant mass. Using
a ±120 MeV/c2 window around the nominal η mass, we observe the distribution of J/ψη
background events from Run I J/ψ data shown in Figure 6.32(b). Overlaid onto the data
Report of the B Physics at the Tevatron Workshop
6.6. STUDY OF B0s → J/ψ η
(′) 225
(b)(a)
Figure 6.32: B0s → J/ψη background study using CDF Run I J/ψ data. (a) Two-
dimensional distribution of m(γγ) versusm(B0s ) before a cut around the η invariant
mass. (b) Background events from Run I J/ψ data passing the Jψη selection.
Overlaid is the Monte Carlo expectation scaled to the six events expected.
is the Monte Carlo expectation scaled to the six signal events estimated. The Monte Carlo
expectation is plotted as points and as a Gaussian fit to the MC data.
To summarize this preliminary study, CDF expects to reconstruct a signal of approx-
imately 1000 B0s → J/ψη events in 2 fb−1 under Run II running conditions. A resolution
of the B0s signal of better than 40 MeV/c
2 can be expected. Using Run I J/ψ data to
study the background, we observed a combinatoric background at the level of six events per
40 MeV/c2 bin. Further background reduction using CES and CPR should be possible.
6.6.3 B0
s
→ J/ψη(′): BTeV Report †
The CP violating angle, βs, defined in Section 6.1, can be measured by using B
0
s decay
modes. The all-charged mode B0s → J/ψφ is one way to measure this, but due to the
fact that this is a vector-vector final state of mixed-CP , a complicated angular analysis is
required and therefore a very large data sample must be obtained. The channels B0s →
J/ψ η′ and B0s → J/ψ η, can be used to determine the angle βs from a simple asymmetry
measurement.
We estimate the relevant branching ratios using the quark model. The η and η′ wave
functions are given in terms of the quark wave functions as:
Ψ(η) = (uu¯+ dd¯− ss¯)/
√
3, (6.144)
Ψ(η′) = (uu¯+ dd¯+ 2ss¯)/
√
6. (6.145)
†Authors: G. Majumder, S. Stone.
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Decay Branching Fraction
B(B0s → J/ψη)† 3.3×10−4
B(B0s → J/ψη′)† 6.7×10−4
J/ψ → µ+µ− 0.059
η → γγ 0.392
η′ → ργ 0.308
η′ → π+π−η 0.438
Table 6.28: Input branching fractions for B0s → J/ψη(′) used for the BTeV study.
Note, † indicates estimated branching fractions.
Thus the branching ratios are related to the measured decay B0 → J/ψK0, taking equal
B lifetimes as
B(B0s → J/ψη) =
1
3
B(B0 → J/ψK0), (6.146)
B(B0s → J/ψη′) =
2
3
B(B0 → J/ψK0). (6.147)
It should be noted that a large enhancement in one of these rates is possible, as implied by
the large branching fraction for B → η′K.
We consider only the decays η → γγ, η′ → ρ0γ and η′ → π+π−η. The J/ψ will be
reconstructed in the µ+ µ− decay mode. All input branching ratios used for this study are
listed in Table 6.28.
6.6.3.1 Signal Selection
We now discuss selection requirements for B0s → J/ψη(′) signal events. First of all, the
signal channels contain photons. They are selected as isolated energy depositions in the
PbWO4 calorimeter that are at least 7 cm away from any track intersection and satisfy the
following criteria: Eγ > 0.5 GeV, E9/E25 > 0.95, and the second moment mass is required
to be less than 100 MeV/c2.
We now list the criteria for the individual particles.
J/ψ → µ+ µ−
• Both muons should have hits in the rear end of the RICH and at least one must
be identified in the muon system.
• pT of each muon > 0.2 GeV/c and at least one with pT > 1.0 GeV/c.
• χ2 of common vertex of both muons < 4.
• Invariant mass within 100 MeV/c2 of the J/ψ mass.
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η → γγ
• Each photon has Eγ > 4 GeV and pT > 0.4 GeV/c.
• Invariant mass of two-photon combinations must be within 15 MeV/c2 of the η
mass.
η′ → ρ0γ
• Two oppositely charged tracks, each with momenta greater than 1 GeV/c are
taken as π+π− candidates.
• The π+π− invariant mass must be within 0.55 GeV/c2 of the ρ mass.
• The π+π− must form a common secondary vertex with the µ+ µ− from the J/ψ
with a fit χ2 <10.
• Addition of a single photon (pT > 0.3 GeV/c) to these tracks produces an in-
variant mass within 15 MeV/c2 of the η′ mass.
η′ → π+π−η
• The same selection criteria as for η defined above, except that for each photon
pT > 0.2 GeV/c is required.
• Two oppositely charged tracks, each with momenta greater than 1 GeV/c are
taken as π+π− candidates.
• The π+π− must form a common secondary vertex with the µ+ µ− from the J/ψ
with a fit χ2 <10.
• The η and the π+π− have an invariant mass within 15 MeV/c2 of the η′ mass.
Signal events are also required to satisfy the following general criteria. A good primary
vertex must exist. The distance between the primary and secondary vertices must be L >
50 µm for η′ and > 100 µm for η. We require L/σL >3. The normalized distance of
closest approach with respect to the primary vertex (DCA/σDCA) of each charged track
must be greater than 3. No additional track is consistent with the B0s vertex. The opening
angle between the ‘B’-direction and the particle direction is required to be < 10mrad and
< 15mrad for J/ψη′ and J/ψη, respectively. Here the ‘B’-direction is defined by the vector
joining the primary and secondary vertices and the particle direction is defined as the vector
sum of the momenta of all measured particles. The invariant mass of J/ψ η or J/ψ η′ have
to be within ±40 MeV/c2 of the B0s mass (σMB = 19 MeV/c2).
We show in Fig. 6.33 the invariant mass distributions of signal candidates for γγ, ρ0γ
and π+π−η. The µ+µ− mass distribution from J/ψ decays is shown in Fig. 6.34(a). We
can improve the B mass distributions by constraining the dimuons to be at the nominal
J/ψ mass. This greatly improves the four-vector of the reconstructed J/ψ. After applying
this constrained fit we find the B0s mass distributions shown in Fig. 6.34(b). Note, that
we could also constrain the η and η′ masses to their nominal values using the same fitting
technique. This will be done for future analyses.
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Figure 6.33: The invariant mass distributions for (a) η → γγ, (b) η′ → π+π−γ,
and η′ → π+π−η with η → γγ at BTeV. The Gaussian mass resolutions are indi-
cated.
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Figure 6.34: (a) The dimuon invariant mass. (b) The reconstructed B0s mass for
all three final states of η and η′ summed together. The solid curve is without con-
straining the µ+µ− to the J/ψ mass, while the dashed curve is with this constraint.
The B0s mass resolution improves from 19 to 11 MeV/c
2.
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Figure 6.35: Distributions of backgrounds in several variables compared with the
signal. For η′ → ργ (a) DCA/σDCA, (b) χ2 of adding an additional track to the
J/ψπ+π− vertex. For η → γγ (c) energy of the photons and (d) the transverse
momentum of the photons with respect to the beam direction. The arrows show
the position of the selection requirements.
6.6.3.2 Background Estimation
The dominant background to these decay modes is from b(b¯) → J/ψX. To calculate
reconstruction efficiencies of signals and of background, Monte Carlo events were generated
using Pythia and QQ to decay the heavy particles. Only events with real J/ψ → µ+µ−
decays were kept for further analysis. The events were traced through the BTeV detector
simulation using the GEANT simulation package. We add to the bb¯ background events
another set of light quark background distributed with a mean Poisson multiplicity of two.
Distributions of several variables for both signal and background are compared in Fig. 6.35.
The results discussed below are based on ∼ 4,500 detector simulated signal events (each
channel), which were preselected in generator level using the criteria that all particles of
these signals are within the geometrical acceptance region of the detector. Similarly, 40,000
background events are also preselected from 5.8 million generic bb¯ events. To determine
backgrounds we only looked at the dimuon channels, and the γγ decay of the η and the ρ0γ
decay of the η′.
After all selection criteria, one event survived in each of the J/ψ η and J/ψ η′ channels
within a wide B0s mass window of 400 MeV/c
2 (signal mass window is 44 MeV/c2). This
leads to a signal-to-background expectation for J/ψ η and J/ψ η′, of 15:1 and 30:1. It is not
surprising that the backgrounds are so low. We therefore feel confident that we can add the
η′ → π+π−η modes in without adding significant background.
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Luminosity 2 × 1032 cm−2 s−1
Running time 107 sec
Integrated Luminosity 2000 pb−1
σbb¯ 100 µb
Number of bb¯ events 2 × 1011
Number of B0s events 0.5 × 1011
B0s → J/ψ η′ B0s → J/ψ η
η′ → ρ0γ η′ → π+π−η η → γγ
Reconstruction efficiency [%] 1.2 0.60 0.71
S/B 30:1 - 15:1
Level 1 Trigger efficiency [%] 85 85 75
Level 2 Trigger efficiency [%] 90 90 90
Number of reconstructed signal events 5670 1610 1920
Tagging efficiency εD2 0.1
Total Number tagged 994
σ(sin 2βs) 0.033
Table 6.29: Projected yield of B0s → J/ψη(′) and uncertainty on sin 2βs at BTeV.
6.6.3.3 Sensitivity to sin 2βs
The expected yield of signal events and the resulting asymmetry measurement are given in
Table 6.29. The trigger efficiency consists of Level 1 efficiencies from the detached vertex
trigger, the dimuon trigger and the Level 2 trigger.
The accuracy on sin 2βs is not precise enough to measure the Standard Model predicted
value, which is comparable to the error, in 107 seconds of running. The low background
level makes it possible to loosen the cuts and gain acceptance. We could also add in the
J/ψ → e+e− decay mode. This will not be as efficient as µ+µ− due to radiation of the
electrons, but will be useful. We also believe that ways can be found to improve flavour
tagging efficiency, especially for B0s . Furthermore, we will have many years of running, and
we can expect some improvement from the use of B0s → J/ψφ.
6.6.4 B0
s
→ J/ψη(′): Summary †
A measurement of the CP asymmetry in B0s → J/ψη(′) will determine the value of the
CKM phase βs. The asymmetry is expected to be small within the Standard Model, of the
order of a few percent. This means that an observation of an asymmetry that is significantly
†Author: M. Paulini.
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larger than O(λ2), will provide an unambiguous signal for new physics which is likely to be
related to new CP violating contributions to B0s -B¯
0
s mixing.
Although the CDF detector is not ideally suited for the detection of low energy photons,
it is not impossible to reconstruct neutral mesons such as π0 or η decaying into two photons
from energy depositions in CDF’s electromagnetic calorimeter. Although a measurement
of the CP violating angle βs will probably be best approached using the B
0
s decay mode
into J/ψφ, a preliminary study for the event yield of B0s → J/ψη(′) has been performed.
To estimate the expected signal of B0s → J/ψη, CDF normalized this decay mode to the
B+ → J/ψK+ channel. As discussed in Sec. 6.6.2, CDF estimates to observe about 1000
B0s → J/ψη decays in 2 fb−1 in Run II. To demonstrate the feasibility of observing neutral
particles such as π0 → γγ or η → γγ with the CDF calorimeter, the reconstruction of
low energy photons using Run I data has been investigated (see Sec. 6.6.2). From this
preliminary study, a resolution on the B0s signal of better than 40 MeV/c
2 can be expected.
To estimate the expected background rate for B0s → J/ψη in Run II, J/ψ → µµ data from
Run I were used. A combinatoric background at the level of 6 events per 40 MeV/c2 bin
were observed, while further background reduction using CES and CPR should be possible.
Photons are reconstructed as isolated energy depositions in BTeV’s fine segmented
PbWO4 calorimeter. For the signal selection of B
0
s → ψη(′), BTeV considered the de-
cays η → γγ, η′ → ρ0γ and η′ → π+π−η. From these decays modes, BTeV expects to
reconstruct almost 10,000 B0s signal events with a mass resolution of about 20 MeV/c
2. For
the resulting asymmetry measurement an uncertainty σ(sin 2βs) of about 0.03 is expected
from this signal yield. Although this accuracy is not precise enough to measure the value
of sin 2βs predicted by the Standard Model, which is comparable to the error, this is an
encouraging result. It gives optimism to probe physics beyond the Standard Model with
B0s → J/ψη(′) within a few years of running at design luminosity at BTeV.
6.7 CP Violation: Summary †
Since the time the Workshop on B Physics at the Tevatron was held in September 1999
and February 2000 and the time this write-up is coming to a completion, a significant amount
of time has elapsed. It therefore constitutes a non-trivial task to report the findings of the
workshop but to also include actual updates that the heavy flavour physics community has
witnessed. An incredibly successful turn-on of both B factories together with an exceptional
performance of both their detectors, BaBar and Belle, has already produced a wealth of new
measurements including the first observation of CP violation in the B0 meson system [1].
A compilation of our current knowledge on the value of sin 2β is shown in Figure 6.36.
The individual measurements are listed in Refs. [1,106] while the quoted average is taken
from Ref. [107]. Clearly, the recent measurements of sin 2β from BaBar and Belle establish
CP violation in B0 decays while the results from OPAL, CDF and ALEPH [106] were still
compatible with sin 2β being zero.
With the official start of Run II in March 2001, the Tevatron aims to turn the findings
†Author: M. Paulini.
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-1 0 1 2 3 4
sin2β Results
sin2β
OPAL (1998) 3.2 + 2.0 ± 0.5
- 1.8
CDF (2000) 0.79 ± 0.39 ± 0.16
ALEPH (2000) 0.84 + 0.82 ± 0.16
- 1.04
BaBar (2001) 0.59 ± 0.14 ± 0.05
Belle (2001) 0.99 ± 0.14 ± 0.06
Average 0.79 ± 0.10
Figure 6.36: Compilation of measurements of sin 2β as of August 2001 [1,106].
The displayed average on sin 2β is taken from Ref. [107].
of the B Physics at the Tevatron Workshop into real measurements of CP violation in the
B meson system confirming the exciting results on sin 2β from the B factories.
Evaluating the sensitivity of measuring sin 2β was motivated by using B0 → J/ψK0S as a
benchmark process and as a comparison to the expectations (and presented measurements)
of the B factories. With 2 fb−1 of integrated luminosity, CDF expects to measure sin 2β
with a precision of σ(sin 2β) ∼ 0.05. The DØ experiment estimates to obtain a similar
precision on sin 2β quoting σ(sin 2β) ∼ 0.04. While sin 2β will have been measured to a
fair accuracy before the BTeV experiment will turn on, the goal of the BTeV collaboration
is to significantly improve the precision of that measurement. Within one year of running
at design luminosity, BTeV expects to measure sin 2β with an error of σ(sin 2β) ∼0.025.
Considering the status of the CKM unitarity triangle in a couple of years from now,
the angle β is measured from B0 → J/ψK0S decays by the B factories now, assisted by
complimentary measurements at CDF and DØ in the near future. In addition, we will have
more information about the leg of the unitarity triangle opposite the angle β: Vub/Vcb will
be measured more precisely by the observation of higher statistics b → u transitions at
CLEO and the B factories. However, the ultimate precision on determining Vub from data
will probably be limited by theoretical uncertainties. The information that will finally allow
to over-constrain the CKM triangle, is the observation of B0s B¯
0
s oscillations anticipated at
CDF if the oscillation parameter ∆ms is less than 40 ps
−1. The question might then be,
what will be the next “precision CKM measurement” after sin 2β and ∆ms?
Several years ago, the decay B0 → π+π− appeared in the literature as a tool to determine
α = 180◦−β−γ as the second CKM angle to be measured after β had been determined. As
we now know, the so-called ”penguin pollution” in B0 → π+π− is sufficiently large and intro-
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duces a significant theoretical uncertainty in the extraction of fundamental physics parame-
ters from the measured CP asymmetry in this channel. BTeV studied a method to measure
the CKM phase α = π − β − γ using the decays B0 → {ρ+π−, ρ0π0, ρ−π+} → π+π−π0 as
proposed by Snyder and Quinn [33]. From this study BTeV expects to reconstruct about
9,400 ρ±π∓ events and 1,350 ρ0π0 events per year with reasonable signal-to-background
levels. CDF evaluated for this workshop a strategy of measuring the CKM angle γ using
B0 → π+π− and B0s → K+K− as suggested by Fleischer in Ref. [16]. This method is
particularly well matched to the capabilities of the Tevatron as it relates CP violating ob-
servables in B0 and B0s decays. The studies performed during this workshop indicate that a
measurement of the CKM angle γ to better than 10◦ could be feasible at CDF with 2 fb−1
of data. The utility of these modes depends on how well the uncertainty from flavour SU(3)
breaking can be controlled. Data for these and other processes should be able to tell us the
range of such effects. A study by CDF shows that 20% effects from SU(3) breaking lead to
an uncertainty of only ∼ 3◦ on γ. Of course, BTeV will also be able to exploit this method.
Based on one year of running, BTeV expects to reconstruct about 20,000 B0 → π+π− events
with small background contamination from B0 → K+π−, B0s → π+K− and B0s → K+K−
and estimates an uncertainty on the CP asymmetry AππCP of 0.024.
Another well suited method of determining the unitarity triangle angle γ has been
studied by measuring CP violation in the decay mode B0s → D−s K+. This will allow a
clean measurement of γ + 2βs in a tree-level process. Four time-dependent asymmetries
need to be measured in the presence of large physics backgrounds, in particular from the
Cabibbo allowed process B0s → D−s π+. An initial measurement of γ should be possible at
CDF in Run II. Within the first 2 fb−1 of data, the expected error on sin(γ± δ) is 0.4 to 0.7
depending on the assumed background levels. By the end of Run II an uncertainty on γ near
0.1 may be achievable. Since the BTeV detector will have excellent π-K separation provided
by a RICH detector, physics backgrounds will play a minor role and a B0s → D−s K+ signal of
about 9200 reconstructed events can be collected per year. This will allow a determination
of the angle γ to better than 10◦.
A similar conclusion can be drawn for the CDF and BTeV prospects of measuring the
angle γ with charged B decays using B− → D0K−. CDF expects to collect a small sample
of D0K− candidates with the two-track hadronic trigger in 2 fb−1 in Run II while BTeV
will reconstruct about 400 B− → [Kπ]K− events per year at design luminosity. With this
number of events, BTeV can measure γ with an uncertainty of about ±10◦ for most of the
assumed parameter space. There is optimism at CDF that the physics background can be
brought down to the same level as the signal, but there could be considerable combinatoric
background which is difficult to evaluate without Run II collision data. Comparing both
decay channels, B0s → D−s K+ and B− → D0K−, considered for extracting the angle γ,
the B0s decay mode offers better prospects of determining γ from the four time-dependent
asymmetries.
Looking for physics beyond the Standard Model, measuring the CP asymmetry in B0s →
J/ψη(′) has been evaluated. This decay mode will determine the value of the CKM phase
βs but the asymmetry is expected to be small within the Standard Model. Although the
CDF detector is not ideally suited for the detection of low energy photons, CDF estimates
to observe about 1000 B0s → J/ψη decays with a resolution on the B0s signal of better than
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40 MeV/c2 in 2 fb−1 in Run II. However, BTeV will probably be the experiment to probe
the CP asymmetry in B0s → J/ψη(′), achieving an uncertainty σ(sin 2βs) of about 0.03 in
one year of data taking. This precision approaches the level of the value of sin 2βs predicted
by the Standard Model.
Even after the discovery of CP violation in the B system by BaBar and Belle [1],
CP violation is still one of the least tested aspects of the Standard Model. It is clear
that Run II at the Tevatron will offer many important CP violation measurements which
will be complementary to the results that we expect from the e+e− B factories. After
CP violation had been observed only in the neutral K meson system for 37 years, the
discovery of CP violation in the neutral B meson system has been made at the B factories
awaiting confirmation at the Tevatron. The next few years will provide further tests of the
Standard Model picture of CP violation and will hopefully unveil the holy grail of heavy
flavour physics in its entire beauty.
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Rare and Semileptonic Decays
Christian W. Bauer, Gustavo Burdman, Aida X. El-Khadra, JoAnne Hewett,
Gudrun Hiller, Michael Kirk, Jonathan Lewis, Heather E. Logan, Michael Luke,
Ron Poling, Alex Smith, Ben Speakman, Kevin Stenson, Masa Tanaka, Andrzej Zieminski
7.1 Rare Decays: Theory
7.1.1 Preliminaries
The Flavor-changing-neutral-current (FCNC) transitions, such as b → s and b → d, arise
only at the loop level in the Standard Model (SM). These decays provide tests of the detailed
structure of the theory at the level of radiative corrections where Glashow-Iliopoulos-Maiani
(GIM) cancellations are important, and are sensitive to CKM matrix elements: the flavor
structure of a generic b → s amplitude T is T = ∑i λiTi, where λi = VibV ∗is and the sum
runs over all up-quark flavors i = u, c, t. Using CKM unitarity
∑
i λi = 0 and λu ≪ λt we
obtain T = λt(Tt − Tc).
Furthermore, in many extensions of the Standard Model, loop graphs with new particles
(such as charged Higgses or supersymmetric partners) contribute at the same order as
the SM contribution. Precision measurements of these rare processes therefore provides a
complementary probe of new physics to that of direct collider searches. Finally, these rare
decays are subject to both perturbative and non-perturbative QCD effects, which can be
studied here.
The most interesting FCNC B decays at the Tevatron are B → Xsγ, B → Xsℓ+ℓ−,
Bs,d → ℓ+ℓ−, and the corresponding exclusive modes for the first two. (A fourth decay,
B → Xs,dνν¯, is theoretically cleaner, but because of the neutrinos in the final state is
not likely to be accessible at a hadron collider.) Of these decays, the exclusive modes
B → K(∗)ℓ+ℓ− are likely to be the most important at the Tevatron in the near future:
inclusive B → Xsγ is difficult to measure at a hadron collider, while the SM branching
fraction for Bs → µ+µ− is at the 10−9 level. Furthermore, as we shall discuss, the theoretical
prediction for inclusive B → Xsℓ+ℓ− is poorly behaved in the large q2 region, where it is
easiest to measure. In this section, we focus on tests of the SM via these decays.
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C1 C2 C3 C4 C5 C6 C
eff
7 C9 C10
−0.25 +1.11 +0.01 −0.03 +0.01 −0.03 −0.31 +4.34 −4.67
Table 7.1: SM values of the Wilson coefficients at NLO (Ceff7 ≡ C7 −C5/3−C6).
7.1.1.1 The effective Hamiltonian
Radiative corrections to the FCNC decay amplitudes contain terms of order αs lnm
2
W/m
2
b ,
which are enhanced by the large logarithm of mW /mb and make perturbation theory poorly
behaved. To make precision calculations, these terms must be summed to all orders. This is
most conveniently performed using an effective field theory and the renormalization group,
as discussed in Chapter 1.
The effective field theory for b → s transitions is thoroughly summarized in a review
article by Buchalla et al., [1]. Here we briefly outline the general features which are uni-
versal for the channels discussed in this chapter. The effective Hamiltonian is obtained by
integrating out heavy degrees of freedom (the top quark and W± bosons in the SM) from
the full theory [2]:
Heff = −4GF√
2
V ∗tsVtb
10∑
i=1
Ci(µ)Oi(µ) (7.1)
where µ is the renormalization scale, and the operators Oi are
O1 = (s¯LαγµbLα)(c¯Lβγ
µcLβ), O6 = (s¯LαγµbLβ)
∑
q=u,d,s,c,b(q¯Rβγ
µqRα),
O2 = (s¯LαγµbLβ)(c¯Lβγ
µcLα), O7 =
e
16π2mbs¯LασµνbRαF
µν ,
O3 = (s¯LαγµbLα)
∑
q=u,d,s,c,b(q¯Lβγ
µqLβ), O8 =
g
16π2mbs¯LαT
a
αβσµνbRβG
aµν ,
O4 = (s¯LαγµbLβ)
∑
q=u,d,s,c,b(q¯Lβγ
µqLα), O9 =
e2
16π2 s¯Lαγ
µbLαℓ¯γµℓ,
O5 = (s¯LαγµbLα)
∑
q=u,d,s,c,b(q¯Rβγ
µqRβ), O10 =
e2
16π2 s¯Lαγ
µbLαℓ¯γµγ5ℓ
(7.2)
(note that these operators are not the same as the Oi’s for the |∆B| = 1 Hamiltonian
discussed in Chapter 1). The subscripts L and R denote left and right-handed components,
and we have neglected the strange quark mass ms ≪ mb. The coefficient Ci(mW ) are
systematically calculable in perturbation theory, and the renormalization group equations
are used to lower to renormalization scale to µ = mb. The renormalization group scaling is a
significant effect, enhancing (for example) the B → Xsγ rate by a factor of ∼ 2. Details on
the renormalization scale dependence, the renormalization group equations and analytical
formulae can be found in [2]. The SM values at µ = 4.8 GeV of the Ci at NLO are given in
Table 7.1.
While Ceff7 measures the bsγ coupling strength, an analogous correspondence can be
made for C10: comparing the charge assignments of lepton-Z-couplings |(ℓ¯ℓZ|V )/(ℓ¯ℓZ|A)| =
|1− 4 sin2ΘW | ≃ 0.08 shows that the Z-penguin contribution to C9 (V) is suppressed with
respect to C10 (A) and can be neglected as a first approximation: C10 probes the effective
s¯LZbL vertex modulo the box contribution [3].
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Different FCNC decays are sensitive to different linear combinations of the Ci’s, and so
each of the decays of interest provides independent information. The quark-level transition
b → sγ is largely governed by O7, while b → sℓ+ℓ− receives dominant contributions from
O7, O9 and O10, and Bs → ℓ+ℓ− is primarily due to O10. As discussed in the next section,
the current measurement of B → Xsγ is in excellent agreement with theory, but this is only
sensitive to the magnitude of the photon penguin Ceff7 . In contrast, b→ sℓ+ℓ− is sensitive
to the sign of this coefficient, as well as to O9 and O10.
7.1.1.2 Inclusive vs. Exclusive Decays
The Wilson coefficients in Eq. (7.1) can be measured in either exclusive or inclusive decays
of b flavored hadrons. The theoretical tools used to study exclusive and inclusive decays are
very different. Experimental measurements of exclusive and inclusive decays are also faced
with different challenges. Hence, it is convenient to consider them separately.
In inclusive decays one can avoid the theoretical difficulties associated with the physics of
hadronization by using quark-hadron duality together with the operator product expansion
(OPE) [4]. Quark-hadron duality allows us to relate inclusive decays of B hadrons into
hadronic final states to decays into partons (see Section 5.3 of Chapter 1). Using an OPE
it can be shown that the B decay is given by the corresponding parton-level decay. There
are perturbative and nonperturbative corrections which must be taken into account. The
leading nonperturbative corrections to this expression scale like (ΛQCD/mb)
2, which is of
order a few percent. There are some caveats, both in the application of the OPE and in
the assumption of quark-hadron duality.
The size of the corrections in the OPE typically grow as the final state phase space
is restricted. If the phase space is restricted to too small a region the OPE breaks down
entirely. This is an important consideration when experimental cuts are taken into account.
A familiar example is the endpoint region above the b → c kinematic limit of the charged
lepton spectrum in semileptonic b → u decay, which is important for measuring |Vub|. In
this region the standard OPE breaks down, and a class of leading twist operators in the
OPE must be resummed to all orders. As we will discuss in Section (7.1.2.2), the OPE
also breaks down in the high lepton q2 region of B → Xsℓ+ℓ−, but in this region the twist
expansion also break down.
The range of validity of quark-hadron duality and the size of the corrections which violate
it are unknown, at present. There are theoretical reasons to believe that these corrections
are small (and it has been suggested that duality violation is reflected in the asymptotic
nature of the OPE) [5]. However, it has also been argued [6] that duality violations are
much larger than commonly expected. As the data improve and more inclusive quantities
are measured, the comparison between theory and experiment will provide an indication of
the size of duality violations.
While theoretically appealing, inclusive rare decays are very difficult to measure, par-
ticularly in a hadronic environment. It is likely that they will be constructed by measuring
a series of exclusive decays. Hence, it will be much easier to measure exclusive rare decays
at the Tevatron.
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In theoretical studies of exclusive decays, we must deal with nonperturbative QCD cor-
rections to the quark-level process, as manifest in hadronization effects, for example. Lat-
tice QCD is the only first principles tool for calculations of nonperturbative QCD effects.
Unfortunately, results from lattice QCD calculations are incomplete, at present. Further-
more, numerical simulations based on lattice QCD are time consuming and expensive. The
prospects for lattice QCD calculations of rare exclusive decays with small and controlled
errors are excellent, as discussed in detail in Section 7.1.3.2. At present, however, we have
to deal with hadronic uncertainties which result in a loss of sensitivity to the interesting
short distance physics. It is therefore important to use a variety of theoretical strategies
for calculations of these decays. We include model-independent approaches based on ap-
proximate symmetries as well as calculations which use a variety of different models in our
discussion of exclusive decays in Section 7.1.3.
7.1.2 Inclusive Decays
7.1.2.1 B → Xsγ
As discussed in Chapter 1, the theoretical description of the inclusive decay B → Xsγ is
particularly clean as it is essentially given by the partonic weak decay b → sγ with small
corrections of order 1/m2b [4] in the HQET expansion (although as the photon energy cut is
raised above ∼ 2 GeV the nonperturbative Fermi motion of the b quark becomes a significant
effect [8]). Although it is a difficult task for hadron colliders to measure the photon energy
spectrum governing the inclusive channel, it is discussed here for completeness.
The radiative decay is a magnetic dipole transition and is thus mediated by the operator
O7. The corresponding Wilson coefficient C7(µ) is evolved to the b-quark scale via the
effective Hamiltonian of Eq. (7.1), with the basis for this decay consisting of the first eight
operators in the expansion. The perturbative QCD corrections to the coefficients introduce
large logarithms of the form αns (µ) log
m(µ/MW ), which are resummed order by order via
the RGE. The next-to-leading order logarithmic QCD corrections have been computed and
result in a much reduced dependence on the renormalization scale in the branching fraction
compared to the leading-order result. The inclusion of the QCD corrections enhance the
rate by a factor of ∼ 2, yielding agreement with the present experimental observation.
The higher-order QCD calculation to NLO precision involves several steps, requiring
corrections to both the Wilson coefficients and the matrix element of O7 in order to ensure
a scheme independent result. For C7, the NLO computation entails the calculation of the
O(αs) terms in the matching conditions [10], and the renormalization group evolution of
C7(µ) must be computed using the O(α2s) anomalous dimension matrix [9]. For the matrix
element, this includes the QCD bremsstrahlung corrections [11] b → sγ + g, and the NLO
virtual corrections [12]. Summing these contributions to the matrix element and expanding
them around µ = mb, one arrives at the decay amplitude
M(b→ sγ) = −4GFVtbV
∗
ts√
2
D〈sγ|O7(mb)|b〉tree , (7.3)
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with
D = C7(µ) +
αs(mb)
4π
(
C
(0)eff
i (µ)γ
(0)
i7 log
mb
µ
+C
(0)eff
i ri
)
. (7.4)
Here, the quantities γ
(0)
i7 are the entries of the effective leading order anomalous dimension
matrix, the ri are computed in [12], and the index i sums over the operator basis. The first
term in Eq. (7.4), C7(µ), must be computed at NLO precision, whereas it is consistent to
use the leading order values of the other coefficients. The NLO expression for C7(µ) is too
complicated to present here, however, for completeness, we give the leading order result,
C
(0)eff
7 = η
16/23C7(MW ) +
8
3
(
η14/23 − η16/23
)
C8(MW ) + C2(MW )
8∑
i=1
hiη
ai , (7.5)
where η ≡ αs(MW )/αs(µ) and hi , ai are known numerical coefficients [1]. The form of this
result will be relevant for our discussion of new physics contributions to B → Xsγ, and
clearly demonstrates the mixing between O7 and the chromomagnetic dipole operator as
well as the four quark operator.
There are also long-distance effects arising from emission of a gluon from a charm loop
which are only suppressed by powers ΛQCDmb/m
2
c . The effects of these operators has been
estimated to be small, contributing to the rate at the few percent level [13].
After employing an explicit lower cut on the photon energy in the gluon bremsstrahlung
correction, the partial width is given by
Γ(B → Xsγ) = Γ(b→ sγ) + Γ(b→ sγ + g)Eγ>(1−δ)Emaxγ , (7.6)
where Emaxγ = mb/2, and δ is a parameter defined by the condition that Eγ be above the
experimental threshold. In addition, the 2-loop electroweak corrections have been computed
[14] and are found to reduce the rate by ∼ 3.6%. The resulting branching fraction is then
obtained by scaling the partial width for B → Xsγ to that for B semileptonic decay as the
uncertainties due to the values of the CKM matrix elements and the m5b dependence of the
widths cancel in the ratio. The Standard Model prediction for the branching faction is then
found to be 1
B(B → Xsγ) = (3.28 ± 0.30) × 10−4 . (7.7)
This is in good agreement with the observations by CLEO and ALEPH [16] which yield
B = (3.15 ± 0.35 ± 0.41) × 10−4 and B = (3.38 ± 0.74 ± 0.85) × 10−4, respectively, with
the 95% C.L. bound of 2 × 10−4 < B(B → Xsγ) < 4.5 × 10−4. The inclusive decays are
measured by analyzing the high energy region of the photon energy spectrum. A good
theoretical description of the spectral shape is thus essential in order to perform a fit to the
spectrum and extrapolate to the total decay rate. Higher order analyses of the spectrum
within HQET have been performed in Ref. [17,18], where it is found that the shape of the
spectrum is dominated by QCD dynamics and is insensitive to the presence of new physics.
Measurement of the spectral moments of the photon energy distribution can also be used
to determine the HQET parameters Λ¯ and λ1 with small theoretical uncertainty [19].
1Ref. [15] argues that the running charm quark mass rather than the pole mass should be used in the
two loop matrix element; this results in a slightly higher central value (3.73± 0.30) × 10−4.
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The CKM suppressed mode, B → Xdγ, is computed in similar fashion with the sub-
stitution s → d in the above formulae and in the complete set of operators. There is
also a slight modification of the 4-quark operators O1 and O2 to include the contribu-
tions from b → u [20] transitions. The NLO predicted branching fraction spans the range
6.0× 10−6 ≤ B(B → Xdγ) ≤ 2.6× 10−5 with the main uncertainty arising from the impre-
cisely determined values of the CKM elements. This CKM suppressed channel populates
the high energy region of the photon energy spectrum and hence B → Xsγ constitutes
the main background source. Observation thus requires a veto of strange hadrons in the
hadronic Xd system.
7.1.2.2 B → Xsℓ+ℓ−
The decay B → Xsℓ+ℓ− is suppressed relative to B → Xsγ by an additional factor of the
electromagnetic coupling constant α ≃ 1/137, and has not yet been observed. The SM
prediction for the branching fraction is
B(B → Xse+e−) = (8.4 ± 2.3) · 10−6, B(B → Xsµ+µ−) = (5.7 ± 1.2) · 10−6 (7.8)
which may be compared with the current experimental 90% C.L. upper bounds of 5.7 ·10−5
and 5.8·10−5 [64] respectively. Unlike B → Xsγ, which is only sensitive to the magnitude of
Ceff7 , this decay has the appeal of being sensitive to the signs and magnitudes of the Wilson
coefficients Ceff7 , C9 and C10, which can all be affected by physics beyond the standard model.
To extract the magnitudes and phases of all three Wilson coefficients, several different
measurements must be performed. It has been shown in [21,22] that information from
the dilepton invariant mass spectrum and the differential forward-backward asymmetry is
sufficient to extract these parameters.
The decay amplitude
Since over most of phase space the differential rate is well approximated by the parton
model, we first consider the parton level results. From the effective Hamiltonian (7.1) one
easily obtains the parton level decay amplitude
A(b→ sℓ+ℓ−) = GFα√
2π
V ∗tsVtb
[ (
Ceff9 − C10
)
(s¯γµLb)(ℓ¯γ
µLℓ)
+
(
Ceff9 + C10
)
(s¯γµLb)(ℓ¯γ
µRℓ)
− 2Ceff7
(
s¯iσµν
qν
q2
(msL+mbR)b
)
(ℓ¯γµℓ)
]
. (7.9)
where Ceff7 is defined in Eq. (7.5). The additional operators O9 and O10 receive contribu-
tions only from penguin and box diagrams in the matching and are therefore of order α. The
coefficient C9 contains a term proportional to α log(µ/mW ) at one loop, and so logarithms
of the form αn+1s log
n(mb/mW ) must be summed to obtain leading logarithmic accuracy.
Thus, the one loop matrix element of O9 is required as well as the two loop running of C9.
This amount to the identification Ceff9 ≡ Ceff9 (sˆ), where
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Ceff9 (sˆ) = C9η(sˆ) + Y (sˆ) . (7.10)
The one-loop matrix elements of the four-Fermi operators are represented by the function
Y (sˆ), which in the NDR scheme is given by [2,23]
Y (sˆ) = g(mˆc, sˆ) (3C1 + C2 + 3C3 + C4 + 3C5 + C6)
−1
2
g(1, sˆ) (4C3 + 4C4 + 3C5 + C6)− 1
2
g(0, sˆ) (C3 + 3C4)
+
2
9
(3C3 + C4 + 3C5 + C6) , (7.11)
where
g(z, sˆ) = −8
9
ln(
mb
µ
)− 8
9
ln z +
8
27
+
4
9
y − 2
9
(2 + y)
√
|1− y|
×
[
Θ(1− y)
(
ln
1 +
√
1− y
1−√1− y − iπ
)
+Θ(y − 1) 2 arctan 1√
y − 1
]
, (7.12)
g(0, sˆ) =
8
27
− 8
9
ln
(
mb
µ
)
− 4
9
ln sˆ+
4
9
iπ , (7.13)
with y = 4z2/sˆ. The one loop matrix element of O9 as a function of the dilepton invariant
mass is written as
η(sˆ) = 1 +
αs(µ)
π
ω(sˆ) , (7.14)
where
ω(sˆ) = −2
9
π2 − 4
3
Li2(sˆ)− 2
3
ln sˆ ln(1− sˆ)− 5 + 4sˆ
3(1 + 2sˆ)
ln(1− sˆ)
− 2sˆ(1 + sˆ)(1 − 2sˆ)
3(1− sˆ)2(1 + 2sˆ) ln sˆ+
5 + 9sˆ− 6sˆ2
6(1− sˆ)(1 + 2sˆ) (7.15)
and we have neglected the strange quark mass.
It is convenient to normalize the rate of b → sℓ+ℓ− to that for semileptonic b → cℓν¯
decay
dB(B → Xsℓ+ℓ−) = BsldΓ(B → Xsℓ
+ℓ−)
Γ(B → Xcℓνℓ) . (7.16)
This introduces the normalization constant
B0 = Bsl 3α
2
16π2
|V ∗tsVtb|2
|Vcb|2
1
f(mˆc) + [αs(mb)/π]A0(mˆc)
. (7.17)
In this expression f(mˆc) is the well known phase space factor for the parton decay rate
b→ cℓν¯
f(mˆc) = 1− 8mˆ2c + 8mˆ6c − mˆ8c − 24mˆ4c log mˆc, (7.18)
and A0(mˆc) is the O(αs) QCD correction to the semileptonic b→ c decay rate [24].
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Parton model differential decay rate and forward-backward asymmetry
The forward-backward asymmetry in inclusive b → sℓ+ℓ− has been studied in detail [21].
From the amplitude of the decay b → sℓ+ℓ− (7.9) the dilepton invariant mass distribution
in the parton model can easily be calculated
dB
dsˆ
=
4
3
B0
[
(1− sˆ)2(1 + sˆ)
(
|Ceff9 |2 +C210
)
+ 2(1 − sˆ)2(2 + sˆ) |C
eff
7 |2
sˆ
+ 6(1 − sˆ)2Re
(
Ceff9
)
Ceff7
]
. (7.19)
A plot of this distribution is shown by the solid line in Figure 7.1. The divergence at sˆ = 0
is due to the intermediate photon going on shell an is a well known feature of this decay. In
this limit the differential decay rate reduces to the B → sγ rate with an on-shell photon in
the final state, convoluted with the fragmentation function which describes the probability
for the photon to fragment into a lepton pair.
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Figure 7.1: The differential decay spectrum 1
B0
dB
dsˆ
for the decay B → Xsℓ+ℓ−. The
solid line shows the free quark prediction, the long-dashed line includes theO(Λ/m2b)
corrections and the short-dashed line contains all corrections up to O(Λ/m3b).
The differential forward-backward asymmetry is defined by
dA
dsˆ
=
∫ 1
0
dz
dB
dx dsˆ
−
∫ 0
−1
dx
dB
dx dsˆ
(7.20)
where
x = cosθ =
uˆ
uˆ(sˆ, mˆs)
(7.21)
parameterizes the angle between the b quark and the ℓ+ in the dilepton CM frame. An
experimentally more useful quantity is the normalized FB asymmetry defined by
dA¯
dsˆ
=
dA
dsˆ
/
dB
dsˆ
. (7.22)
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In the parton model the differential forward-backward asymmetry is given by
dA
dsˆ
= −4B0(1− sˆ)2
[
sˆRe
(
Ceff9 (sˆ)
)
C10 + 2C10C
eff
7
]
, (7.23)
which is shown by the solid line in Figure 7.2.
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Figure 7.2: The normalized forward backward asymmetry. The three curves show
the mean value and the 1σ uncertainty of the forward backward asymmetry.
Charmonium resonances
Both the dilepton invariant mass spectrum and the differential forward-backward asymme-
try contain a cusp at the threshold of cc¯ pair production. For such values of sˆ long distance
contributions from tree level processes B → B(∗)ψ(′), followed by ψ(′) → ℓ+ℓ−, are impor-
tant, which can not be calculated perturbatively. The location of the first two cc¯ resonances
are indicated in Figs. 7.1 and 7.2 by the two vertical lines.
Since the cc¯ resonance contributions cannot be calculated model independently, suitable
cuts on the dilepton invariant mass are conventionally applied to eliminate these resonance
contributions. Such cuts naturally divide the available phase space into two separate regions:
a low sˆ region for s ≤ M2ψ − δ and a high sˆ region for s ≥ M2ψ′ + δ′, where δ(
′) depends
on the exact values of the experimental cuts. The region of phase space below the ψ
resonance is contaminated by background from sequential B decays. This background can
only be suppressed if the inclusive process is measured by summing over a large number of
individually reconstructed final states. In the region above the ψ′ resonance, there is almost
no background from other B decays, making the measurement much easier. It is the latter
region of phase space that is accessible to experiments at the Tevatron.
Power corrections to the dilepton invariant mass spectrum and the forward-
backward asymmetry
Nonperturbative physics can be parameterized by matrix elements of higher dimensional
operators. This is done by performing an OPE as described in Chapter 1. The leading
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corrections arise at order O(ΛQCD/mb)2 and can be parameterized by the matrix elements
of two dimension five operators. Both matrix elements, λ1 and λ2 have been measured,
albeit with large uncertainties for λ1. At order O(ΛQCD/mb)3 there are seven operators
contributing, with none of the matrix elements known. Calculating the contributions from
these dimension six operators therefore do not improve the theoretical accuracy, but can be
used to investigate the convergence of the OPE and estimate theoretical uncertainties. The
contributions of the dimension five operators to the differential decay rate and the forward
backward asymmetry were calculated in Ref. [25] and the calculation including all power
corrections up to order Λ3QCD/m
3
b is presented in Ref. [26].
The effects of these corrections on the differential decay rate are shown in Figure 7.1 by
the long and short dashed lines, respectively. It is obvious from Figure 7.1 that the effect
of higher dimensional operators is negligible below the ψ resonance, whereas it is large in
the large sˆ region. This can also be seen by calculating the branching ratio with an upper
cut on the dilepton invariant mass 100 MeV below mψ, sˆ = 0.35. Including a cut sˆ > 0.01
to eliminate the fragmentation divergence at low q2 the expansion in 1/mb yields∫ 0.35
0.01
dsˆ
dB
dsˆ
= 22.0
[
1 + 0.5
λ1
m2b
+ 1.2
(
λ2
m2b
− ρ2
m3b
)
− 3.7 ρ1
m3b
]
(7.24)
where the ρi’s and f1 are unknown matrix elements of order Λ
3
QCD, and we have neglected
contributions of a comparable size coming from T-products, which may be absorbed into
a redefinition of λ1 and λ2. All numerical coefficients are of order unity and the OPE
is therefore converging well. In the region above the resonances the situation looks quite
different. Imposing a lower cut 100 MeV above the ψ′ resonance, sˆ = 0.59, the partially
integrated branching ratio is∫ 1
0.59
dsˆ
dB
dsˆ
= 3.8
[
1 + 0.5
λ1
m2b
− 35.4
(
λ2
m2b
− ρ2
m3b
)
+ 161.8
ρ1
m3b
+ 147.4
f1
m3b
]
. (7.25)
From this expression it is clear that the convergence of the OPE is very poor and the
branching ratio above the ψ′ resonance can not be calculated well.
Higher dimensional operators can also be included for the forward-backward asymmetry.
This leads to
dA
dsˆ
= Ceff7 C10
[
− 8 (1− sˆ)2 − 4
(
3 + 2sˆ+ 3sˆ2
)
λ1
3m2b
+
4
(
7 + 10sˆ − 9sˆ2) λ2
m2b
+
4
(
5 + 2sˆ+ sˆ2
)
ρ1
3m3b
− 4
(
7 + 10sˆ − 9sˆ2) ρ2
m3b
]
+ Ceff9 (sˆ)C10
[
− 4sˆ(1− sˆ)2 − 2sˆ
(
3 + 2sˆ+ 3sˆ2
)
λ1
3m2b
+
2sˆ
(
9 + 14sˆ − 15sˆ2)λ2
m2b
−2sˆ
(
1 + 2sˆ+ 5sˆ2
)
ρ1
3m3b
− 2sˆ
(
1 + 6sˆ− 15sˆ2) ρ2
m3b
]
(7.26)
It is clear from this expression that the third order terms do not have abnormally large co-
efficients, and therefore introduce only small variations relative to the second order expres-
sions. The normalized forward-backward asymmetry, however, inherits the poor behavior
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of the differential branching ratio in the endpoint region sˆ → 1. The normalized asymme-
try is shown in Figure 7.2, with the shaded region representing the uncertainties due to
(ΛQCD/mb)
3 terms. From this Figure it is clear that the nonperturbative uncertainties on
the differential asymmetry are small below the ψ resonance, whereas they are large above
the ψ′.
7.1.3 Exclusive Decays
The Wilson coefficients defined in Section 7.1.1.1 contain the short distance information
that allows us to test the one loop structure of the standard model. The exclusive decays
we will consider in this section can be used to determine these coefficients. However, these
decays also depend on the hadronic matrix elements of the operators in Eqs. (7.2), which
describe the transition from the initial state b flavored hadron to the final state hadron.
These hadronic matrix elements are dominated by nonperturbative QCD effects. They
are calculable in principle from lattice QCD, the only ab initio framework available for
quantitative calculations of nonperturbative QCD.
At present, lattice QCD calculations of these processes are incomplete. This results
in important uncertainties in theoretical predictions of exclusive rare decays, with a cor-
responding loss of sensitivity to the interesting short distance physics. We therefore need
a variety of other theoretical tools at our disposal. These include model independent ap-
proaches based on approximate symmetries, such as heavy quark and chiral symmetry, and
model-dependent approaches based on phenomenologically motivated models. While not
rigorous, model calculations can serve to guide lattice calculations and provide a simple
framework for studying these processes.
The rest of this section is organized as follows. After introducing the matrix elements
and form factor parameterizations in Section 7.1.3.1, we discuss results and prospects from
lattice QCD in Section 7.1.3.2. Rare semileptonic decays are discussed in Section 7.1.3.3
which describes results and constraints from model independent approaches first, followed
by a summary of model-dependent results. Section 7.1.3.4 gives a discussion of the status
of theoretical predictions for exclusive radiative decays. Finally, Section 7.1.3.5 discusses
results for Bs,d → l+l− decays.
7.1.3.1 Hadronic Matrix Elements and Form Factors
The hadronic matrix elements can be parametrized in terms of form factors which are
functions of the momentum transfer between the initial and final state hadrons.
For the B → Kℓ+ℓ− decay the hadronic matrix elements of the operators O7, O9 and
O10 (which were defined in Eqs. (7.2)) are parametrized as
〈K(k)|s¯σµνqνb|B(p)〉 = i fT
mB +mK
{
(p+ k)µq
2 − qµ(m2B −m2K)
}
, (7.27)
〈K(k)|s¯γµb|B(p)〉 = f+(p+ k)µ + f− qµ , (7.28)
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with fT (q
2) and f±(q
2) unknown functions of q2 = (p − k)2 = m2ℓ+ℓ− . In the SU(3) limit
f± in (7.28) are the same as the form factors entering in the semileptonic decay B → πℓν.
For the vector meson mode, B → K∗ℓ+ℓ−, we have the “semileptonic” matrix element
〈K∗(k, ǫ)|s¯LγµbL|B(p)〉 = 1
2
{
ig ǫµναβǫ
∗ν(p + k)α(p− k)β − f ǫ∗µ
− a+ (ǫ∗ · p) (p + k)µ − a− (ǫ∗ · p) (p − k)µ
}
, (7.29)
where ǫµ is the K
∗ polarization four-vector. The form factors defined in (7.29) can be
identified, in the SU(3) limit, with those appearing in the semileptonic transition B → ρℓν.
The matrix element of the penguin operator takes the form
〈K∗(k, ǫ)|s¯LσµνqνbR|B(p)〉 = iǫµναβǫ∗νpαkβ 2T1
+ T2
{
ǫ∗µ(m
2
B −m2K∗)− (ǫ · p) (p+ k)µ
}
+ T3(ǫ · p)
{
qµ − q
2
m2B −m2K∗
(p+ k)µ
}
, (7.30)
Radiative decays receive a contribution from the local operator O7 – also called the
magnetic dipole operator – and its associated Wilson coefficient. This is also sometimes
called the short distance contribution, since another contribution comes from non-local op-
erators. These non-local operators are due to (i) the process B → V V ∗ with the subsequent
conversion of the neutral vector meson V ∗ to a real photon, and (ii) weak annihilation and
W exchange diagrams with subsequent γ radiation. Contributions from non-local operators
are sometimes also called long distance contributions.
The hadronic matrix element of the magnetic dipole operator for the B → V γ decay,
were V represents a vector meson, is generally written in terms of three form factors, with
〈V (p, ǫ)|s¯σµνqν(1 + γ5)b|B(pB)〉 = 2iǫµνρσǫ∗νpρBpσT1(q2) (7.31)
+
[
ǫ∗µ(m
2
B −m2V )− (ǫ∗ · q)(pB + p)µ
]
T2(q
2)
+ (ǫ∗ · q)
[
qµ − q
2
m2B −m2V
(pB + p)µ
]
T3(q
2) ,
where ǫ∗ represents the polarization vector of the vector meson, and q corresponds to the
momentum of the outgoing photon. This simplifies for the case of an on-shell photon, where
the coefficient of T3 vanishes and T2(0) = −iT1(0). Hence in the physical cases of interest
here, the decay width can be expressed in terms of a single form factor,
Γ(B → V + γ) = αG
2
F
32π4
|VtbV ∗ts|2(m2b +m2s)m3B
(
1− m
2
V
m2B
)3
|C(0)eff7 (mb)|2 |TB→V1 (q2 = 0)|2 ,
(7.32)
and the branching fraction is computed by scaling to the semileptonic rate as usual.
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7.1.3.2 Lattice QCD
Lattice QCD methods are well suited for theoretical calculations of the hadronic matrix
elements (and form factors) which describe rare decays. However, because of the lack of
experimental information on rare semileptonic decays (such as B → Kℓ+ℓ−), they have
not been studied on the lattice to date. Results from lattice calculations of rare radiative
decays do exist, and are discussed in more detail in Section 7.1.3.4.
The hadronic matrix elements which describe rare semileptonic decays (as shown in
Eqs. (7.28–7.30)) are similar to the matrix elements for semileptonic decays, such as B →
πℓν¯. These have been studied extensively using lattice methods. We can use the existing
results from lattice calculations of B → πℓν¯ to discuss the prospects for lattice calculations
of rare decays, like B → K(∗)ℓ+ℓ−.
Current lattice calculations of the B → πℓν¯ form factors are accurate to about 15−20%
[27]. It would be relatively straightforward to perform a lattice QCD calculation of the form
factors for B → Kℓ+ℓ− with a similar accuracy using current technology. The quoted uncer-
tainty includes all systematic errors except for the quenched approximation – unquenched
results do not yet exist for these decays. From unquenched calculations of other quantities,
we can estimate the expected size of the effect to be in the range of 10− 15%. Apart from
the quenched approximation, the most important errors in lattice QCD calculations are
due to statistics (from the Monte-Carlo integration), the chiral extrapolation, the lattice
spacing, and perturbation theory (see Section 5.3 of Chapter 1 for a detailed discussion of
how these errors arise).
Lattice QCD calculations are in principle improvable to arbitrary precision. In prac-
tice, the accuracy of lattice calculations depends on the computational effort and available
technology. Numerical simulations based on lattice QCD are time consuming and compu-
tationally expensive. In the following, we shall discuss the prospects for reducing the total
uncertainty in lattice QCD calculations to a few percent. We assume that there will be rea-
sonable growth in the computational resources available for these lattice QCD calculations.
Improving the statistical and chiral extrapolation errors is straightforward; it just re-
quires more computer time. This is within reach of the computational resources which
should become available to lattice QCD calculations within the next few years.
Lattice spacing errors can be reduced by explicitly reducing the lattice spacing (a→ 0)
used in the calculations. However, the computational cost of a lattice calculation scales
like 1/a6−10. In general, lattice spacing errors are proportional to terms which grow like
(aΛ)n where Λ is the typical momentum scale of the process in question. Typical lattice
spacings used in numerical simulations are in the range 0.05 fm <∼ a <∼ 0.2 fm, so that
aΛ ≪ 1 for momenta of order ΛQCD. The power n (and hence the size of lattice spacing
errors) depends on the discretization used in the calculation. With the (improved) lattice
actions currently in use, n = 2. With highly improved lattice actions we can increase the
power to n = 4. The situation is a bit more complicated in the presence of heavy quarks.
However, as discussed in detail in Section 1.5.3, the lattice spacing errors associated with
heavy quarks can be as easily controlled as the errors associated with the light degrees of
freedom. In summary, we can keep lattice spacing errors under control at the few percent
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(or less) level, by using highly improved actions in simulations at relatively coarse lattice
spacings. The big advantage of this strategy is its low computational cost. It is therefore
also the best strategy for realistic unquenched calculations.
There is a further restriction for semileptonic decays which arises from the need to con-
trol lattice spacing errors. The hadronic matrix elements (and form factors) for semileptonic
decays are functions of the daughter recoil momentum. Since lattice spacing errors increase
with increasing recoil momentum, the momentum range accessible to lattice QCD calcula-
tions is limited. At present, in order to keep lattice errors under control, most calculations
impose an upper momentum cut of
precoil < 1GeV . (7.33)
For decays like B → Dℓν¯ this is not a problem, as the allowed recoil range is also small.
However, for decays of B mesons into light hadrons we can obtain the matrix elements
and form factors only over part of the allowed range. In particular, the high recoil region,
precoil ∝ mB/2, which corresponds to q2 small or near zero, is not directly accessible to
lattice QCD calculations.
A remedy used in early calculations is to extrapolate the form factors from the high
q2 region to low q2 assuming a functional form for the shape of the form factors. This
procedure introduces a model dependent systematic error into the calculation which can’t
be quantified. This was an acceptable compromise for early lattice calculations intended to
establish the method. However, it is certainly undesirable for first principles calculations
designed to test the standard model.
If there is significant overlap between the recoil momentum ranges accessible in lattice
QCD calculations and experimental measurements, then we can avoid model dependent
extrapolations and limit the comparison between theory and experiment to the common
recoil momentum range. Indeed, this appears to be the case for B → πℓν¯, and will most
likely also be true for rare semileptonic decays such as B → Kℓ+ℓ−. However, as discussed
in the following section, the high recoil region is of particular phenomenological interest in
B → K(∗)ℓ+ℓ− decays.
It is possible to increase the recoil momentum range accessible to lattice calculations
by using highly improved actions, especially in combination with asymmetric lattices [28].
However, lattice calculations of radiative decays such as B → K∗γ remain problematic.
With a real photon, the two body decay takes place at maximum recoil or q2 = 0. If we
want to avoid model-dependent extrapolations, we will need to develop better techniques
for dealing with this high recoil physics.
7.1.3.3 B → K∗ℓ+ℓ− and B → Kℓ+ℓ−
In the following, we review results for calculations of the form factors in Eqs. (7.28–7.30)
from different theoretical approaches. The prospects for lattice QCD results were already
discussed in the previous section. We first present the constraints derived from heavy quark
symmetry (HQS), followed by results from SU(3) symmetry and finally from the large energy
limit (LEL).
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We then review results obtained from calculations using phenomenological models. A
vast variety of models are available for these calculations. Here, we present the relevant fea-
tures of current models. Although predictions from different models still disagree with each
other, the situation has greatly improved since the experimental observation of exclusive B
decays to light hadrons.
Predictions from HQET
As discussed in Chapter 1, the Dirac structure of b quarks simplifies in the Heavy Quark
Limit, mb ≫ ΛQCD, allowing relations between different form factors to be derived. For
example, in the rest frame of the heavy quark, vµ = (1,~0), the heavy quark field obeys
γ0h0 = h0, and so
h¯biσ0ihb = h¯bγihb, h¯biσ0iγ5hb = −h¯bγiγ5hb. (7.34)
By making use of (7.34) we can now obtain relations among the form factors in (7.27) and
(7.28). They are [29]
fT (q
2) = −mB +mK
2mB
(
f+(q
2)− f−(q2)
)
, (7.35)
T1(q
2) =
f(q2)− 2(q · p) g(q2)
2mB
, (7.36)
T2(q
2) = T1(q
2)− f(q
2)− 2(m2B + k · p) g(q2)
2mB
(
q2
m2B −m2K∗
)
, (7.37)
T3(q
2) =
m2B −m2K∗
2mB
{
a+(q
2)− a−(q2) + 2g(q2)
}
. (7.38)
In terms of the symmetries of the HQET, Eqs. (7.35–7.38) are a result of the Heavy Quark
Spin Symmetry (HQSS) that arises in the heavy quark limit due to the decoupling of the
spin of the heavy quark [30]. This is a very good symmetry when considering B decays, a
measure of which is for instance the quantity
mB∗ −mB
mB
≃ 0.009 ∼
(
0.45
4.8
)2
(7.39)
which is in agreement with the HQET prediction of O(Λ2QCD/m
2
b). Thus the relations (7.35-
7.38), which are valid over the entire physical region [31], will receive only small corrections.
They allow us to express all the hadronic matrix elements entering in B → K(∗)ℓ+ℓ−
processes, in terms of the “semileptonic” form factors f , g and a±.
Furthermore, there is an additional SU(2)F flavor symmetry in the heavy quark limit,
leading to relations among form factors occurring in the decays of charm and bottom
hadrons [29,30]. For instance in H → πℓν one obtains
(f+ − f−)B→π = CBD
√
mB
mD
(f+ − f−)D→π , (7.40)
(f+ + f−)
B→π = CBD
√
mD
mB
(f+ + f−)
D→π , (7.41)
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where CBD = (αs(mB)/αs(mD))
−6/25 is a leading logarithmic QCD correction to the heavy
quark currents [32]. Similar scaling relations are obtained for H → ρℓν,
fB→ρ = CBD
√
mB
mD
fD→ρ , (7.42)
gB→ρ = CBD
√
mD
mB
gD→ρ , (7.43)
(a+ − a−)B→ρ = CBD
√
mD
mB
(a+ − a−)D→ρ . (7.44)
In the above relations the form factors must be evaluated at the same value of the hadronic
energy recoil v · k, not the same value of q2. The semileptonic D decays have a maximum
recoil energy of about 1 GeV, whereas B decays go up to ≃ mB/2. Thus the use of data
from D decays requires an extrapolation from the low to the high recoil regions of phase
space, for which the v · k dependence of the form factors must be assumed. In addition, the
relations (7.40-7.44) are valid in the leading order in the HQET and will receive corrections
of the order of Λ¯/2mc ≃ 0.15, with Λ¯ the effective mass of the light degrees of freedom.
Then, the corrections to the flavor symmetry are likely to be larger than those to the
spin symmetry. For instance, in the H → πℓν, corrections as large as 20% − 30% are
possible [33]. On the other hand, it was shown in Ref. [34] that the B → K∗γ rate can
be well reproduced by using both the spin and the flavor symmetries in HQET to relate
the D → K∗ℓν form factors to T1(0) determining the radiative branching fraction, with the
additional assumption of a monopole q2 dependence for the form factors f and g all the
way from q2 = 16.5 GeV2 to q2 = 0.
Other Theoretical Approaches
SU(3):
A necessary ingredient in the application of the HQSS relations (7.35-7.38) to predictions
for B → K(∗)ℓ+ℓ− making use of the semileptonic form factors in B → (πρ)ℓν is the
assumption of well-behaved SU(3) symmetry relations. Intuitively, and since the form
factors are determined by the strong interactions, we expect that at very high recoil energies
SU(3) is a very good approximation. For rare B decays, where most of the events occur
in this region of phase space, we should be confident that SU(3) corrections are small.
However, it is difficult to make a quantitative statement about the size of the SU(3) breaking
in a completely model independent way. For instance, in the constituent quark model
picture, a relevant quantity parameterizing SU(3) breaking could be
δ3 ≡ m˜s − m˜d
Eh
, (7.45)
where m˜q are constituent quark masses and Eh is the recoil energy of the hadron. Thus,
for standard values of the strange and down constituents masses this suggests and SU(3)
breaking below 10% in most of phase space. On the other hand, the deviations from 1 of
the double ratio F (B→ρ)/F (B→K
∗)/F (D→ρ)/F (D→K
∗), with F some arbitrary form factor,
Report of the B Physics at the Tevatron Workshop
7.1. RARE DECAYS: THEORY 257
were estimated in Ref. [35] by calculating the effects of chiral loops. The effect was found
to be smaller than 3% and, although there could be contributions from higher orders, adds
credibility to the use of SU(3) relations.
The short distance structure of the Bs meson decays Bs → (η(′), φ)ℓ+ℓ− is the same
as that of B → K(∗)ℓ+ℓ−. In the SU(3) limit the branching ratios should be the same.
Thus, although departures from the SU(3) predictions could be as large as 20 − 30%, our
understanding of the B modes gives us a very good starting point for the Bs decays.
Large Energy Limit (LEL):
In addition the symmetries of the heavy quark limit, additional simplifications occur
for exclusive decays in which the recoil energy of the light meson is large, the so-called
Large Energy Limit (LEL) [18,36–45]. In this limit, interactions of the light quark with
soft or hard collinear gluons do not change its helicity, giving rise to additional symmetries,
and corresponding additional relations between form factors. These were first noted in
[37], based on symmetries of the ”large energy effective theory” (LEET) [36]. (Although
LEET is not a well-defined effective theory, these relations remain true in the LEL [18,39,
41].) In addition to the heavy quark symmetry relations in Eqs. (7.35–7.38), the additional
symmetries of the LEL gives new relations among the form factors defined in Eqs. (7.27–
7.29).
The main result of the LEL which is important for our discussion here, is the fact that
all of the form factors in H → (P, V )ℓ+ℓ− can be expressed by a total of three functions of
the heavy mass M and the recoil energy E. For example, the H → Pℓ+ℓ− form factors can
be written as [37]
f+(q
2) = ξ(M,E) ,
f−(q
2) = −ξ(M,E) ,
fT (q
2) =
(
1 +
mP
M
)
ξ(M,E) , (7.46)
where ξ(M,E) is an unknown function of M and E. Simple inspection shows that the
previously derived HQSS relation Eq.(7.35) is satisfied. For the vector meson final state,
the form factors obey
g(q2) =
1
M
ξ⊥ ,
f(q2) = −2E ξ⊥ ,
a+(q
2) =
1
M
{
ξ⊥ − mV
E
ξ‖
}
,
a−(q
2) =
1
M
{
−ξ⊥ + mV
E
ξ‖
}
, (7.47)
where ξ⊥(M,E) and ξ‖(M,E) refer to the transverse and longitudinal polarizations, respec-
tively.
Additionally, there will be expressions for the “penguin” form factors Ti(q
2), i = 1, 2, 3,
in terms of ξ⊥ and ξ‖, which satisfy the HQSS relations in Eqs. (7.36–7.38). The power of
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the predictions in Eqs. (7.46–7.47) will become apparent later when computing observables
in B → K(∗)ℓ+ℓ− decays. Let us now only note in passing one example: the ratio of the
vector form factor g(q2) to the axial-vector form factor f(q2)
RV ≡ g(q
2)
f(q2)
≃ − 1
2EK∗mB
, (7.48)
only depends on kinematical variables and is unaffected by hadronic uncertainties. This
ratio determines, for instance the ratio of the two transverse polarizations in B → (K∗, ρ)
decays.
Corrections to the LEL relations arise from (i) radiative corrections to the heavy light
vertex, (ii) hard gluon exchange with the spectator quark and (iii) nonperturbative cor-
rections which scale like ΛQCD/Eh. Eh ∼ O(mb) is the recoil energy of the light hadronic
state. The leading contribution to (i) was calculated in Refs. [40,41], while (ii) was calcu-
lated in Ref. [40]. An effective field theory formulation of the LEL appears to be much more
complicated than HQET, but there has been much recent work in this direction [18,39,41].
Such a formulation should allow the nonperturbative corrections (iii) to be parametrized,
but thus far this has not been done. The theory of exclusive decays in the LEL is currently
a very active field, and much additional theoretical work on this subject is to be expected
in the future, in particular clarifying the size of the corrections to the limit.
The various LEL relations may be experimentally tested: for example, an experimental
measurement of the ratio of the transverse polarizations Γ+/Γ− in the semileptonic decay
B → ρℓν will provide a test of the relation (7.48). In addition, the relation (7.48), together
with the experimental data on b→ sγ decays, has been used to put constraints on the form-
factors entering the B → K∗ matrix element at q2 = 0. This can be seen in Figure 7.3,
from which we can fit the vector and axial-vector form-factors giving V (0) = 0.39 ± 0.06
and A1(0) = 0.29 ± 0.02. Here,
V ≡ −(mB +mK∗)g , A1 ≡ f
mB +mK∗
, (7.49)
Model Calculations
The model independent statements described above are not enough to specify all the
hadronic matrix elements needed in the decays of interest. Furthermore, lattice QCD cal-
culations of the rare decay form factors are incomplete, at present.
Model calculations are much easier. On the one hand, they tend to be based on uncon-
trolled approximations. This leads to uncertainties which are difficult (if not impossible)
to estimate. On the other hand, models can provide very useful parameterizations of the
physics and may help us understand the region of validity of some of those assumptions.
In heavy-to-light transitions, such as B → K(∗)ℓ+ℓ− and B → (πρ) ℓν, the rate receives
most of its contributions from the large recoil region where Eh > 1 GeV. We therefore
expect those models that incorporate – in one way or another – our understanding of the
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Figure 7.3: Constraints on the semileptonic form-factors V (0) and A1(0) from
B → K∗γ data plus HQSS (thicker band) together with the relation from the
LEL (cone). The ellipses correspond to 68% and 90% confidence level intervals.
Central values of model predictions are also shown and correspond to BSW [46]
(vertical cross), ISGW2 [50] (diamond), MS [51] (star), LCSR [42] (diagonal cross)
and LW [34] (square), respectively.
hadronization of a light quark with relatively large energies to be best suited for these
processes. For example, calculations in the light-cone, performed at q2 < 0, and matched
at q2 = 0 with the physical region [46,47], as well as light-cone sum rule (LCSR) calcu-
lations [48] will give the correct asymptotic behavior of the form factors in QCD as one
takes q2 → −∞. Relativistic quark models such as Refs. [49,52,53], include all relativistic
effects from the start, instead of treating them as corrections. An important aspect of the
transition form factors in these decays, is that their q2-dependence may not be trivial. The
widely used assumption of monopole behavior
F (q2) =
F (0)
1− q2/M2∗
, (7.50)
where F (q2) is a given form factor and M∗ is the mass of a nearby resonance, may receive
large corrections in heavy-to-light transitions. This is not the case in D and B → D(∗)ℓν
decays, where the energy release is small compared to the mass gap to heavier resonances,
and the nearest (or single) pole approximation is good. In B → light transitions the form
factors are sensitive to the influence of additional resonances at high recoil. In fact, a sum
rule for the resonance contributions can be derived [54] once the asymptotic behavior in the
q2 → −∞ limit, which is known in QCD, is imposed. This leads to a suppression of the
monopole behavior in favor of a mixed q2 dependence in agreement with QCD predictions
in the appropriate limit. This also agrees with results from LCSR calculations.
In summary, the phenomenological models we consider, capture at least some of the
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important physics (especially at high recoil). Until reliable lattice QCD results come on
line, we can combine the model results with model independent results from HQET and
LEL, as well as bounds on form factors from dispersion relations [55]. All of this taken
together results in rather constrained form factors. Another strategy for reducing theoretical
uncertainties, is the identification of observables which are insensitive to differences in the
model predictions.
The issue with cc¯ resonances, cuts
Rare decays receive a contribution from diagrams which contain qq¯ loops. The qq¯ loops
can hadronize into vector mesons before decaying electromagnetically. The contribution of
cc¯ loops at q2 values near the resonance masses, q2 ∼ m2V , where V = J/ψ, ψ′, ψ′′ . . . is an
important background to rare decays. It contributes via B → K,K∗V → K,K∗ℓ+ℓ−. Of
the six charmonium resonances [56], the dominant ones, J/ψ(3097) and ψ′(3686), divide the
spectra naturally into three regions: a low q2-region below the J/ψ, a mid q2-region between
the J/ψ and the ψ′, and a high q2-region above the ψ′., This is shown in Figure 7.4. The
resonance regions can be included into the calculation by the parameterization given in [57]
which is based on dispersion relations and experimental data on e+e− → hadrons. For a
discussion of other approaches [35,58] see Refs. [3,59]. All methods result in a modification
of the function Y in Ceff9 and rely on factorization.
Kinematic cuts in q2 are required to allow a reliable extraction of the short distance co-
efficients from experimental measurements. Figures 7.4 and 7.5 show the difference between
the differential decay rate for B → K,K∗µ+µ− with and without inclusion of the resonant
cc¯ states. The lower curves only include non-resonant (or pure short distance) contributions,
while the upper curves also include the contribution from resonant cc¯ states (according to
Ref. [57]). It is clear from these figures that the low q2-region is the preferred region for
comparing theory and experiment, because this region i) receives the largest contribution
to the rate and ii) is not affected by higher cc¯ resonances.
Branching ratios and invariant dilepton mass distributions
Table 7.2 lists the non-resonant branching ratios for the various B → K,K∗ℓ+ℓ− channels
in the standard model2. The kinematic range of the dilepton mass is 4m2ℓ ≤ q2 < (mB −
m(K,K∗))
2. TheB → K∗ℓ+ℓ− decays receive a contribution from the photon pole, |Ceff7 |2/q2.
The rate for B → K∗e+e− is enhanced compared to the rate for the corresponding decay
into muons, because of the greater sensitivity to the photon pole in the decay into electrons.
(The photon pole is absent for decays into pseudoscalar K mesons, see Figure 7.4).
The dilepton invariant mass distributions for the B → K,K∗µ+µ− decays are shown
in Figures 7.4 and 7.5, respectively. Imposing the cuts 0.25GeV2 ≤ q2 < 8.0GeV2 (low
q2 region), and including the charmonium resonances according to Ref. [57] we obtain
the following partially integrated standard model branching ratios: ∆BH for B → Hµ+µ−:
2More stringent experimental bounds have recently been published by CLEO [63].
Report of the B Physics at the Tevatron Workshop
7.1. RARE DECAYS: THEORY 261
Figure 7.4: The dilepton invariant mass distribution in B → Kµ+µ− decays,
using the form factors from LCSR. Resonant cc¯ states are parametrized as in
Ref. [57]. The solid line represents the SM and the shaded area depicts the form-
factor related uncertainties. The dotted line corresponds to the SUGRA model
with R7 = −1.2, R9 = 1.03 and R10 = 1. The long-short dashed lines correspond
to an allowed point in the parameter space of the MIA-SUSY model, given by
R7 = −0.83, R9 = 0.92 and R10 = 1.61. The corresponding pure short-distance
spectra are shown in the lower part of the plot. Figure taken from Ref. [42].
Figure 7.5: The dilepton invariant mass distribution in B → K∗µ+µ− decays.
Legends are the same as in Figure 7.4. Figure taken from Ref. [42].
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mode SM branching ratio data Exp. reference
b→ se+e− 8.4± 2.3× 10−6 < 10.1 × 10−6 BELLE [60]
b→ sµ+µ− 5.7± 1.2× 10−6 < 19.1 × 10−6 BELLE [60]
B → Ke+e− 5.7± 2.0× 10−7 (0.48+0.32+0.09−0.24−0.11)× 10−6 BELLE [61]
B → Kµ+µ− 5.7± 2.0× 10−7 (0.99+0.40+0.13−0.32−0.14)× 10−6 BELLE [61]
B → Kℓ+ℓ− 5.7± 2.0× 10−7 (0.75+0.25−0.21 ± 0.09) × 10−6 BELLE [61]
B → Kℓ+ℓ− 5.7± 2.0× 10−7 < 0.6× 10−6 BABAR [62]
B → K∗e+e− 2.3± 0.8× 10−6 < 5.1× 10−6 BELLE [60]
B → K∗µ+µ− 1.9± 0.7× 10−6 < 3.0× 10−6 BELLE [60]
Table 7.2: Current status of rare semileptonic B decays. SM branching ratios are
taken from [25,42], and upper bounds are given at 90% C.L.
∆BK = 2.90×10−7 and ∆BK∗ = 7.67×10−7. The theoretical uncertainty in these branching
fractions has been estimated to be ±30% [42].
For comparison, in a generic non-standard model scenario, choosing Ceff7 = −Ceff7 |SM
and C9, C10 equal to their standard model values, we obtain ∆BK = 3.63 × 10−7 and
∆BK∗ = 13.09× 10−7. The enhancement results from constructive interference of Ceff7 with
C9.
The Forward-Backward Asymmetry AFB(q
2)
As discussed in Sec. 7.1.2.2, the forward-backward asymmetry of the leptons in inclusive
b→ sℓ+ℓ− provides a means of measuring the Wilson coefficients C7, C9 and C10. The latter
two may be sensitive to different aspects of the physics at short distances and disentangling
their contributions, as well as the sign of C7, will result in additional constraints on New
Physics.
In this section we discuss the forward-backward asymmetry for exclusive decays. In ad-
dition to the branching ratios and the decay distributions, exclusive decays to vector mesons
carry angular information sensitive to the short distance physics. Here we are concerned
with the potential for cleanly extracting short distance physics from the asymmetry in ex-
clusive modes, such as B → K∗ℓ+ℓ−, Bs → φℓ+ℓ−, etc. In principle, one might expect that
theoretical predictions for exclusive modes are much more uncertain than predictions for
inclusive decays due to the presence of hadronic form factors. However, as we will discuss,
the LEL relations (7.46-7.47) allow for a clean determination of the Wilson coefficient Ceff9
in terms of Ceff7 , through a measurement of the position of the zero of AFB(q
2).
The angular distribution in B → K∗ℓ+ℓ− is given by
d2Γ
dq2d cos θ
=
G2Fα
2 |V ∗tbVts|2
768π5m2B
kq2
{
(1 + cos θ)2
[
|HL+|2 + |HR− |2
]
+ (1− cos θ)2
[
|HL−|2 + |HR+ |2
]
+ 2 sin2 θ |H0|2
}
, (7.51)
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where k is the K∗ spatial momentum, and θ is the angle between the ℓ+ and the B meson
in the dilepton center-of-mass frame. The transverse helicity amplitudes in terms of the
form factors take the form [65]
HLα =
[
C7
mb (mB − EK∗ + ηαk)
q2
+
C9 − C10
2
]
(f + ηα2mBkg) , (7.52a)
HRα =
[
C7
mb (mB − EK∗ + ηαk)
q2
+
C9 + C10
2
]
(f + ηα2mBkg) , (7.52b)
where α = +,−, ηα = (1,−1), and EK∗ is the K∗ energy in the B rest frame. The index
α in Eqs. (7.52) refers to the +,− polarizations of the K∗, and the L,R subscripts refer to
left and right-handed leptons. The longitudinal helicity amplitude is described by
HL0 =
m2B
mK∗
√
q2
{
C7
mb
q2mB
{
f [EK∗(mB − EK∗)− k2] + 2g mBk2(mB − 2EK∗)
}
+
(C9 − C10)
2
[
2k2a+ − EK
∗
mB
f
]}
, (7.53)
and HR0 is given by replacing (C9 − C10)/2 with (C9 + C10)/2 in Eq. (7.53).
The forward-backward asymmetry for leptons as a function of the dilepton mass squared
m2ℓℓ = q
2 is now defined as
AFB(q
2) =
∫ 1
0
d2Γ
dxdq2
dx−
∫ 0
−1
d2Γ
dxdq2
dx
dΓ
dq2
, (7.54)
where x ≡ cos θ. We can write AFB in terms of the helicity amplitudes defined in Eqs. (7.52)
and (7.53):3
AFB(q
2) =
3
4
|HL−|2 + |HR+ |2 − |HL+|2 − |HR− |2
|HL−|2 + |HR+ |2 + |HL+|2 + |HR+ |2 + |HL0 |2 + |HR0 |2
. (7.55)
As it can be seen from Eqs. (7.52) and (7.55), the asymmetry is proportional to the Wilson
coefficient C10 and vanishes with it. Furthermore, it is proportional to a combination of
Ceff9 and C
eff
7 such that it has a zero in the physical region if the following condition is
satisfied [38]
Re [Ceff9 ] = −
mb
q20
Ceff7
{
T1
g
+ (m2B −m2K∗)
T2
f
}
, (7.56)
where q20 is the position of the zero of AFB and all q
2-dependent quantities are evaluated at
q20. This relation depends on the form factors T1 and T2; however, it was noted in Ref. [38]
that the location of the zero of the asymmetry was approximately constant in a variety of
form-factor models, as shown in Figure 7.6. This is a consequence of helicity conservation
of the K∗ in the large energy limit in these models, arising from the relativistic treatment
of quark spin.
3The sign of AFB(q
2) defined in this way will change when considering B¯0 or B− decays.
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Figure 7.6: The non-resonant forward-backward asymmetry of leptons AFB de-
fined in (7.54), for B → K∗e+e− as a function of the dilepton mass s, from Ref. [38].
The asymmetry is computed by making use of the semileptonic form factors from
the BSW* model of Ref. [46] (solid line), the light-cone QCD sum rule calculation
of Ref. [48] (dashed line) and the relativistic quark model of Ref. [49] (dot-dashed
line).
The model independence of the location of the zero in the asymmetry was shown to be
a consequence of the large energy limit of QCD in Ref. [42]. After we apply the HQSS and
LEL relations (7.47) to (7.56) we find
Re[Ceff9 ] = −
2mBmb
q20
Ceff7 + . . . (7.57)
where we have neglected the mass of the K∗, which is formally subleading.
Radiative corrections to the location of the asymmetry zero (7.57) were calculated in
[40,41,44] and are at the few percent level. Ref. [44] finds the location of the zero in the SM
to be
q20 = 4.2± 0.6 GeV2 (7.58)
where the largest uncertainty comes from the scale dependence of the Wilson coefficients
and the estimate of formally subleading O(m2K∗/m
2
B) terms.
We conclude that the measurement of the zero of the forward-backward asymmetry for
leptons in B → K∗ℓ+ℓ− constitutes a test of the short distance structure of the Wilson
coefficients C9 and C7 through Eq. (7.57). It should be stressed that there are unknown
nonperturbative corrections to the relation (7.57) which formally scale as ΛQCD/EH , but
whose size is unknown. Thus, experimental tests of LEL relations will be important in
establishing the reliability and accuracy of this approach.
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The Forward-Backward CP Asymmetry
The forward-backward CP asymmetry (ACPFB) has been proposed in Ref. [3] as an observable
to probe non-standard CP violation in FCNC Z-penguins. It is defined from the forward-
backward asymmetry of the previous subsection as
ACPFB(s) =
A
(B¯)
FB(s) +A
(B)
FB(s)
A
(B¯)
FB(s)−A(B)FB(s)
. (7.59)
This definition isolates the phase of C10 and the effect scales in units of the phase of C
eff
9 ,
which has a CP conserving phase encoded in the function Y from the 4-Fermi operators
ACPFB(s) ∼ (ImC10/ReC10)(ImCeff9 /ReCeff9 ), see Ref. [3] for details. Using the high q2
integration region above the ψ′ (only here ImCeff9 is sizeable) 14.5GeV
2 ≤ q2 < (mB−mK∗)2
yields ∆ACPFB = (0.03±0.01)× ImC10/ReC10. Despite the substantial uncertainties related
with higher ψ′′.. resonances, the forward-backward CP asymmetry is a unique probe of the
flavor sector, since the SM background due to CKM phases is very small < 10−3 and ∆ACPFB
can be sizeable in case of large CP violating phases of C10.
CP asymmetries in the rate
We define a direct CP violating asymmetry distribution between the dilepton mass spectra
in B¯ → H¯ℓ+ℓ− decays and the CP conjugate process B → Hℓ+ℓ− as [69]4
ACPH (s) =
dΓB¯H
ds
− dΓ
B
H
ds
dΓB¯H
ds
+
dΓBH
ds
(7.60)
Here H can be a pseudoscalar or vector final state meson, for example, K or K∗. For a
non-zero ACPH in the SM we have to reintroduce the CKM suppressed piece λu(Tu − Tc)
(see Section 7.1.1) into the amplitude, e.g. [66]. In addition to the charmonium background
discussed in Section 7.1.3.3 now intermediate uu¯ resonances ρ, ω have to be taken into
account [67]. To reduce the related uncertainties one uses kinematical cuts q2 >∼ m2ρ,m2ω
analogous to the cc¯ sector.
Unlike the radiative modes induced by b→ sγ where ACPγ ∼ αs [68], the CP asymmetry
in b → sℓ+ℓ− transitions starts at the lowest order: the SM contribution to ACPH stems
from interference between the weak phase and the CP conserving imaginary part of Ceff9 .
Both lead to very small values of ACPH in the SM: as in any b→ s transition CKM structure
dictates ACP ∼ Im (λu/λt) = λ2η < 2%, where λ, η are Wolfenstein parameters. The second
suppression comes from the strong phase ImY (q2) ≪ C9, which holds everywhere except
at q2 ∼ m2V . Integrating ACPH (s) over the low q2-region 1.4GeV2 ≤ q2 < 8.4GeV2 yields
ACPK,K∗ ≃ 0.1% in the SM [69], comparable with the findings for the inclusive B → Xsℓ+ℓ−
4An alternative definition is ACP ′H (s) =
(
dΓB¯
H
ds
−
dΓB
H
ds
)
/(ΓB¯H + Γ
B
H) [66,70].
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decays (aCP )s = −0.19+0.17−0.19% [66], which uses different cuts (1GeV2 ≤ q2 < 6GeV2) and a
slightly different CP asymmetry (sign and normalization), see footnote 4 and Ref. [66] for
details.
Supersymmetric effects in the CP asymmetry in exclusive B → K,K∗ℓ+ℓ− decays have
been studied in Refs. [69,70]. The presence of non-SM CP phases can change the sign
and magnitude of ACPH : In the low q
2-region, 1.4GeV2 ≤ q2 < 8.4GeV2, the integrated
asymmetry is still not large |ACPK,K∗| <∼ 1% [69], but can exceed the SM asymmetry.
7.1.3.4 B → K∗γ and Related Decays
Exclusive radiative decays are experimentally relatively easily accessible, since their final
states can be completely reconstructed. The study of these decays is well motivated as
they can provide information on the ratio of CKM elements Vtd/Vts, and assist in the
reduction of the theoretical error on the determination of Vub from B → ρℓν. In addition
they are sensitive to loop effects of new interactions which may result in CP violating
effects in the charge asymmetry of B → K∗γ. Unfortunately, these transitions are also
sensitive to theoretical uncertainties of two different origins. First, there is the uncertainty
due to the poorly known hadronic matrix elements of the short distance operators which
contribute to the rate. The second uncertainty is due to long distance contributions (see
the discussion in Section 7.1.3.1). More theoretical effort is needed in this area. At present,
CLEO has observed two channels [71], with the branching fractions, B(B0 → K∗0γ) =
(4.55 +0.72−0.68 ± 0.34) × 10−5, B(B+ → K∗+γ) = (3.76 +0.89−0.83 ± 0.28) × 10−5, and B(B →
K∗2 (1430)γ) = (1.66
+0.59
−0.53 ± 0.13) × 10−5.
As shown in Section 7.1.3.1, the short distance contribution to radiative decays depends
on only one form factor, T1(q
2 = 0). This form factor has been calculated from a wide
variety of theoretical approaches. A sampling of some more recent results [72] is given in
Table 7.3 for the case of B → K∗γ. The LCSR results listed there are in good agreement
with the CLEO data. However, Table 7.3 also shows that there are significant differences
among the theoretical predictions of the form factor TB→K
∗
1 (q
2 = 0), and the related ratio
of rates for exclusive to inclusive decays, RK∗ .
We note that the lattice results shown in Table 7.3 do not contain a complete analysis of
all systematic errors. The calculations date back to 1994 and 1995, a time when improved
actions and heavy quark methods were just being established. The results were obtained
in the quenched approximation. Both calculations use pole dominance to extrapolate the
form factors from the high q2 region (where it was calculated) to the physical q2 = 0 point.
Both calculations are performed at heavy quark masses below the b quark mass, and they
both rely on heavy quark extrapolations to obtain results for the B meson decay.
Estimates for the rates of decays into higher K∗ resonances are cataloged in Ref. [73].
In the case of the K∗2 (1430) mode, the CLEO data appears to favor the model of Veseli
and Olsson, which predicts B(B → K∗2 (1430)γ) = (1.73 ± 0.80) × 10−5. We note that
theoretical predictions do not yet exist for the decay Bs → φγ, which is not accessible to
the B factories.
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Ref. TB→K
∗
1 (0)
TB→K
∗
1 (0)
TB→ρ1 (0)
B(B → K∗γ)(×10−5) RK∗
LCSR 0.32± 0.05 1.32 ± 0.1 4.8± 1.5 0.16 ± 0.05
LCSR 0.31± 0.04 1.14 ± 0.02 4.45± 1.13 0.16 ± 0.05
LCSR 0.38± 0.06 1.33 ± 0.13 −− 0.20 ± 0.06
LQCD 0.10 ± 0.01± 0.3 −− −− 0.060 ± 0.012 ± 0.034
LQCD 0.16+0.02−0.01 −− −− 0.16+0.04−0.03
Table 7.3: Form-factor predictions from Ref. [72]. LCSR denotes calculations
based on light-cone sum rules, and LQCD denotes calculations based on lattice
QCD.
We can determine the ratio of CKM elements, Vtd/Vts from the ratio of exclusive decay
rates,
Γ(B → ργ)
Γ(B → K∗γ) = Φ
|TB→ρ1 (0)|2
|TB→K∗1 (0)|2
|Vtd|2
|Vts|2 . (7.61)
Φ is a phase space factor. The ratio of form factors in Eq. (7.61), TB→ρ1 (0)/T
B→K∗
1 (0), is
mostly sensitive to SU(3) breaking effects. Since other theoretical uncertainties are likely
to cancel, the ratio may be more accurately calculated than the form factors themselves.
Eq. (7.61) assumes that the decay rates are dominated by contributions from the short
distance operator. This is the case for B → K∗γ, where long distance effects have been
estimated to be no more than ≃ 5% [74,75], and where the theoretical estimates of RK∗ are
tend to be consistent with experiment. However, the long distance contributions to B → ργ
can be large [75,76] and can potentially destroy the validity of Eq. (7.61), since they have a
different CKM dependence. These contributions arise from (i) the decay B → ρV ∗ (which is
due to the contributions of internal c- and u-quark loops) with the subsequent conversion of
the neutral vector meson V ∗ to a photon, (ii) weak annihilation and W exchange diagrams
with subsequent γ radiation, and (iii) final state interactions. If these these effects are
included, the resulting theoretical error in determinations of Vtd from Eq. (7.61) has been
estimated to be ∼ 35% [75].
Finally, we consider the radiative baryon decay, Λb → Λγ. This decay is well suited for
the hadron collider environment, and has an estimated Standard Model branching ratio of
B(Λb → Λγ) ∼ 5×10−5 [77,78]. Like the corresponding decays of B mesons, the underlying
quark transition is b → sγ and described by the short distance effective Hamiltonian in
Eq. (7.1). However, the spin 1/2 baryons makes more degrees of freedom accessible to
experiments. In particular, one can probe the V −A structure of the Standard Model and
search for contributions of non-standard helicity in the FCNC dipole operator.
Measurement of final state polarization in Λb → (Λ → πp)γ decays has been recently
discussed in [78] along with asymmetries related to initial Λb polarization. This work
corrected the expression for the Λ polarization asymmetry of the original work [77]. (The
older calculation was not in agreement with existing calculations of general spin correlations
for baryon→ baryon-vector decays). Note that the Λ asymmetry observable is theoretically
simple, since the amplitude into an on-shell photon involves only one form factor, which
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drops out in the asymmetry [78]. The relevant single form factor can be extracted from
Λc → Λℓν¯ℓ decays using heavy quark spin and flavor symmetry [77] and can be used for
an estimate of the new physics reach [78]. In addition, the long distance effects due to
vector-meson dominance and weak annihilation diagrams are estimated to be small [77].
Hence, Λb → Λγ decays is dominated by short distance physics and is particularly clean,
theoretically. It offers unique opportunities to test the helicity structure of the underlying
theory, but also to study CP violation [78] by comparing decays of the Λb and its conjugate
Λ¯b.
7.1.3.5 Bs,d → ℓ+ℓ−
The decay Bq → ℓ+ℓ−, where q = d or s and ℓ = e, µ or τ , proceeds through loop diagrams
and is of fourth order in the weak coupling. In the SM, the dominant contributions to this
decay come from the W box and Z penguin diagrams shown in Figure 7.7. Because the
Figure 7.7: Dominant SM diagrams for Bs,d → ℓ+ℓ−.
contributions with a top quark in the loop are dominant, at low energies of order mb the
decay can be described by a local b¯qℓ¯ℓ coupling via the effective Hamiltonian,
Heff = −4GF√
2
V ∗tqVtb [C10O10 + CSOS + CPOP ] , (7.62)
where O10 is given in Eq. 7.2 and the other two operators are
OS = − e
2
16π2
q¯LαbRαℓ¯ℓ, OP = − e
2
16π2
q¯LαbRαℓ¯γ5ℓ, (7.63)
where we have neglected contributions proportional to the q mass. The vector leptonic
operator ℓ¯γµℓ does not contribute for on–shell leptons because it gives zero when contracted
with the Bq momentum.
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The diagrams in Figure 7.7 were calculated in [79] and contribute only to the Wilson
coefficient C10. There is no contribution from a photonic penguin because of the photon’s
purely vector coupling to leptons. There are also contributions to the Wilson coefficient CS
from a SM Higgs penguin [80] and to the Wilson coefficient CP from the would–be neutral
Goldstone boson penguin [81], but these contributions to the amplitude are suppressed by
a factor of m2b/M
2
W relative to the dominant contributions and can be ignored. We keep
CS and CP here for completeness because they can be significant in some extensions of the
SM. A recent review may be found in [82].
The Wilson coefficients are evaluated at the high scale ∼ O(MW ) and then run down to
the low scale ∼ O(mB), where the hadronic matrix elements of the operators are evaluated.
This running in general leads to QCD corrections enhanced by large logarithms of the
ratio of scales, which must be resummed. The operator O10 has zero anomalous dimension
because it is a (V − A) quark current, which is conserved in the limit of vanishing quark
masses. Thus the renormalization group evolution of C10 is trivial. The operators OS and
OP have the same form as a quark mass term and thus have the anomalous dimension of a
quark mass. In the SM and many extensions, CS and CP are proportional to mb. Thus the
running of these Wilson coefficients is properly taken into account by replacing mb(MW )
with mb(mB) in CS and CP .
Evaluating the hadronic matrix elements, the resulting branching ratio is
B(Bq → ℓ+ℓ−) =
G2Fα
2m3BqτBqf
2
Bq
64π3
|V ∗tbVtq|2
√√√√1− 4m2ℓ
m2Bq
×
(1− 4m2ℓ
m2Bq
) ∣∣∣∣∣ mBqmb +mqCS
∣∣∣∣∣
2
+
∣∣∣∣∣ 2mℓmBq C10 − mBqmb +mqCP
∣∣∣∣∣
2
 , (7.64)
where τBq is the Bq lifetime, fBq is the Bq decay constant normalized according to fπ = 132
MeV, and we retain the Wilson coefficients CS and CP for completeness.
The SM decay amplitude is given by the Wilson coefficient [79]
C10 = −Y (xt)/ sin2 θW , (7.65)
where xt = m
2
t (mt)/M
2
W = 4.27 ± 0.26 with mt evaluated in the MS scheme at µ = mt
(giving mt(mt) = 166 GeV). The function Y (xt) is given by Y (xt) = Y0(xt) +
αs
4πY1(xt) at
NLO. At LO [79],
Y0(xt) =
xt
8
[
xt − 4
xt − 1 +
3xt
(xt − 1)2 log xt
]
= 0.972
[
mt(mt)
166GeV
]1.55
, (7.66)
where we have taken the central value of xt and parameterized the remainingmt dependence.
As explained above, the operator OA has zero anomalous dimension and so the QCD
running of the Wilson coefficient from the electroweak scale to the Bq mass scale is triv-
ial. Nontrivial QCD corrections first arise at NLO and require the calculation of two-loop
diagrams [83,84]. The result of the two-loop calculation in the MS scheme is [84]
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Bd Bs
τ+τ− 3.4+2.7−2.0 × 10−8 9.2+1.9−1.8 × 10−7
µ+µ− 1.6+1.3−0.9 × 10−10 4.3+0.9−0.8 × 10−9
e+e− 3.8+3.0−2.2 × 10−15 1.0± 0.2 × 10−13
Table 7.4: SM branching ratios for Bd and Bs into τ
+τ−, µ+µ− and e+e−. The
difference in the relative size of the errors in the Bd and Bs branching ratios is due
primarily to the difference in the relative size of the errors in Vtd and Vts.
Y1(x) =
x3 + 2x
(x− 1)2Li2(1− x) +
x4 − x3 + 14x2 − 2x
2(x− 1)3 log
2 x
+
−x4 − x3 − 10x2 + 4x
(x− 1)3 log x+
4x3 + 16x2 + 4x
3(x− 1)2
+
[
2x2 − 4x
(x− 1) +
−x3 + 7x2
(x− 1)2 +
−6x2
(x− 1)3 log x
]
log
(
µ2
M2W
)
. (7.67)
Here µ is the renormalization scale at which the top quark mass is renormalized. Nu-
merically, Y1(xt) = 2.65, and the NLO contributions give (taking the central value of xt)
Y (xt) = 1.026 × Y0(xt) = 0.997.
The SM predictions for the branching fractions are given in Table 7.4, where parameter
and hadronic uncertainties have been taken into account.5
The uncertainties in the branching ratios are due primarily to the uncertainties in |Vtd|,
|Vts|, and fBq . An additional uncertainty in the branching ratios due to scheme dependence
in the definition of sin2 θW is not taken into account; we estimate it to be about 8%.
7.1.4 Expectations for Physics Beyond the Standard Model
Supersymmetry
It is customary to define ratios of Wilson coefficients renormalized at a scale µ = mb
Ri ≡ Ci
Ci SM
(7.68)
parameterizing possible enhancement/decrease w.r.t. the SM Wilson coefficients. Analyti-
cal expressions of the MSSM Ci are given in [89], [90].
5We use the following parameters: α = 1/128 (at MZ), s
2
W = 1−M
2
W /M
2
Z = 0.2222, m¯t(mt) = 166± 5
GeV, mBd = 5279.4 MeV, mBs = 5369.6 MeV, τBd = 1.548±0.032 ps, τBs = 1.493±0.062 ps, |Vtb| = 0.999,
|Vtd| = 0.009 ± 0.003, |Vts| = 0.039 ± 0.002, fBd = 208 ± 10 ± 11 MeV, and fBs = 250 ± 10 ± 13
+8
−0 MeV.
All numbers are taken from the PDG [86] except for fBd and fBs which are taken from Ref. [87]. For fBd
and fBs the statistical and systematic errors are listed separately, and the third error for fBs comes from
the uncertainty in the strange quark mass.
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Figure 7.8: The forward-backward asymmetry in Bd → K∗0µµ decay as a function
of s = M2µµ predicted with the Standard Model (solid line), the SUGRA (dotted),
and MIA-SUSY (long-short dashed line) [42].
Supersymmetric effects on R7, R9, R10 are studied in three scenarios [42], respecting
bounds on b → sγ and direct searches: an effective SUSY model based on minimal flavor
violation (MFV) [91], [93], where there are no extra sources of flavor violation besides
the ones present already in the Yukawa couplings of the SM, a (minimal and/or relaxed)
supergravity (SUGRA) scenario with universal initial conditions at the GUT scale [92] which
is effectively MFV like, and a model with generic squark off-diagonal entries parametrized
by the mass insertion approximation (MIA) [94].
To summarize: In MFV and SUGRA only very small deviations from the SM in C9,10 are
possible: R9, R10 ∼ 1, while Ceff7 can vary a lot. However, imposing the b → sγ constraint
on the modulus we get 0.8 < |R7| < 1.2 allowing roughly for two solutions: R7 ∼ 1 (SM
like sign) and R7 ∼ −1. Note that the opposite-of-the-SM-sign for Ceff7 is only possible
for large tan β [42], [92]. Effects of non SM valued Ri in SUGRA and MIA-SUSY on the
invariant mass spectra in B → K,K∗µ+µ− decays are shown in Figure 7.4 and Figure 7.5,
respectively. Figure 7.8 shows a comparison of the forward-backward asymmetry in the
standard model with SUGRA and MIA-SUSY models.
The MIA-SUSY scenario is one example of a model with non-standard FCNC Z-cou-
plings [3]. Here drastic effects are possible in C10 [94], which at present is best constraint
by |C10| < 10 [3,42] or equivalently |R10| < 2-3, namely
• An enhanced |C10|, which results in enhanced branching ratios B(b→ sℓ+ℓ−)
• sign(C10) = −sign(CSM10 ) causing a sign flip in the forward-backward asymmetry (see
Section 7.1.3.3). This is not measurable in the rate, which is proportional to ⊃ |C10|2.
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• A non zero forward-backward-CP asymmetry [3], if C10 has a O(1) phase (see Sec-
tion 7.1.3.3).
All of these effects are currently not excluded, but none of them can be saturated in a MFV
scenario with family universal initial conditions.
Let us put this quite strong statement into a broader context. SUSY as a realistic
extension of the SM has to be broken, which is supposed to happen at energies much higher
than the weak scale. Experiments in b-physics now have the power to probe the flavor
structure of SUSY breaking, i.e. to discriminate between scenarios which are MFV like,
and those who are not. The popular models of SUGRA, gauge mediation GMSB, anomaly
mediation AMSB and the non-supersymmetric 2HDM are all MFV, but in a general MSSM
this does not have to be the case. One example which is non-MFV is given in e.g. [96]. We
compile some powerful observables and experimental signatures, which could decide this.
MFV is ruled out, if
• sin 2β is small [97]
• aDirCP (B → Xsℓ+ℓ−) > O(1)% for low dilepton mass
• AFB(B → K∗ℓ+ℓ−) flips sign
• ACPFB(B → K∗ℓ+ℓ−) is significant
• there a large ’wrong’ (opposite to the SM ones) helicity contributions found e.g. in
b→ sγ
Finally, at large tan β there can be large supersymmetric contributions to the scalar oper-
ators CS and CP (see Sec. 7.1.3.5) leading to large enhancements of B(Bs,d → ℓ+ℓ−) by
orders of magnitude [98].
Anomalous Triple Gauge Boson Couplings
The Triple Gauge Boson Couplings (TGC) are an important feature of the gauge sector of
the SM. In principle, they may be affected by new physics coming from a scale Λ where
this may be, for instance, the scale at which the dynamics responsible for electroweak
symmetry breaking becomes apparent. Imposing CP conservation, the most general form
of the WWN (N = γ, Z) couplings can be written as [99]
LWWN = gWWN
{
iκNW
†
µWνN
µν + igN1
(
W †µνW
µNν −WµνW †µNν
)
+gV5 ǫ
µνρσ(W †µ∂ρWν −Wµ∂ρW †ν )Nσ + i
λN
M2W
W †µνW
ν
λN
νλ
}
, (7.69)
with the conventional choices being gWWγ = −e and gWWZ = −g cos θ. Deviations from
the SM values for the TGC are constrained directly from LEPII [100] and Tevatron [101]
measurements of gauge boson production. On the other hand, FCNC decay processes at
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low energies, such as loop-induced B and K decays, probe these vertices indirectly. The
effects of anomalous TGC in rare B decays have been extensively studied in the literature.
For instance, the effects of the dimension four anomalous WWγ coupling ∆κγ in b → sγ
transitions were first considered in [102], whereas this plus the dimension six coupling
λγ where studied in [103,104]. These plus the corresponding CP violating couplings and
their effects in the b → sγ branching fractions were also considered in [105]. Finally, the
anomalous WWZ couplings and their effects in b → sµ+µ− were studied in Ref. [107]. In
Ref. [108] the effects in b → sℓ+ℓ− are correlated with those in K → πνν¯ decays. There
it is shown that 50% deviations in these branching fractions are possible. This remains
the case even after we consider the latest results from LEPII [100]. For instance, from
the two-parameter fits in Ref. [100] with ∆κγ and ∆g
Z
1 , the 95% C.L. bound for ∆g
Z
1 is
[−0.08, 0.025]. The largest contributions come from ∆gZ1 . This sensitivity stems from the
fact that the effects induced by ∆gZ1 in rare B and K decays are logarithmically sensitive
to the high energy scale Λ [108]. In addition, this kind of values for ∆gZ1 would induce an
enhancement of ǫ′/ǫ [109].
Since ∆gZ1 affects almost exclusively the Wilson coefficient C10, it will not change the
position of the zero of the forward-backward asymmetry in B → K∗ℓ+ℓ−. However, the
overall value of AFB will be affected.
Finally, we comment on the CP violating anomalous TGC. The main effect there comes
from the dimension-four γW+W− coefficient κ˜. This is bound from b → sγ to be in the
interval (−0.60, 0.60). For instance, this bound translates into [108] ACP (B± → K±ℓ+ℓ−) <
1%.
Anomalous Couplings of Fermions to SM Gauge Bosons
The new physics above the energy scale Λ may also modify the effective interactions of the
SM fermions to the electroweak gauge bosons. In principle, this also has a parallel in low
energy QCD, as it is pointed out in Ref. [110], where symmetry alone is not enough to
determine the axial coupling of nucleons to pions. In fact, the departure of this coupling
from unity is a non-universal effect, only determined by the full theory of QCD. Thus,
in Ref. [110] it is suggested that in addition to the effects in the EWSB sector of the
theory, it is possible that the interactions of fermions with the NGBs are affected by the
new dynamics above Λ, resulting in anomalous interactions with the electroweak gauge
bosons. This is particularly interesting if fermion masses are dynamically generated, as is
the case with the nucleon mass. Interestingly, the proximity of the top quark mass to the
electroweak scale v = 246 GeV, hints the possibility the top mass might be a dynamically
generated “constituent” mass. Thus, it is of particular interest to study the couplings of
third generation quarks to electroweak gauge bosons.
The anomalous couplings of third generation quarks to the W and the Z can come
from dimension-four and dimension-five operators. The indirect effects of the dimension-
four operators have been considered in relation to electroweak observables in Ref. [110,111],
as well as the b → sγ transitions [112]. The constraints on dimension-five operators from
electroweak physics have been studied in Ref. [113]. In Ref. [114] the effects of all dimension-
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four and dimension-five operators in B FCNC transitions such as b → sγ and b → sℓ+ℓ−
were considered.
Dimension-four Operators:
In a very general parameterization, the dimension-four anomalous couplings of third gener-
ation quarks can be written in terms of the usual physical fields as,
L4 = − g√
2
[
CL (t¯LγµbL) + CR (t¯RγµbR)
]
W+µ
− g
2 cW
[
N tL (t¯LγµtL) +N
t
R (t¯RγµtR)
]
Zµ + h.c. , (7.70)
where sW (cW ) is the sine (cosine) of the weak mixing angle, θW . The dimension-four
operators defined in Eq. (7.70) induce new contributions to the b → sγ and b → sZ loops
as well as the box diagram. They appear in the effective Hamiltonian formulation as shifts
of the Wilson coefficients C7(MW ), C9(MW ) and C10(MW ).
The measured b→ sγ branching ratio imposes a stringent bound on CR as its contribu-
tion to C7 is enhanced by the factor mt/mb. This has been discussed in the literature [112],
where the obtained bounds on CR : −0.05 < CR < 0.01. In principle, this appears to make
CR unnaturally small if it were to be generated by some strong dynamics at the scale Λ.
However, it is possible to generate such value for CR in a large variety of generic strongly
coupled theories. For instance, the pseudo-Nambu-Goldstone Bosons (pNGBs) of Extended
Technicolor (ETC) that result from the breaking of the various fermion chiral symmetries,
generate at one loop a small CR proportional to mb [114]:
CR ≃ 1
4π
mbmt
f2π
log
(
m2π
m2t
)
. (7.71)
This is well within experimental bounds in all ETC incarnations, and it is even smaller
in modern ETC theories such as Topcolor-assisted Technicolor [115], where the top quark
mass entering in (7.71) is only a few GeV. Thus, here the fact that CR is small reflects its
origin in the explicit ETC-breaking of chiral symmetry responsible for mb. Another hint of
this, is the fact that in general CR contributes to the renormalization of the b-quark line
with a term which does not vanish with mb:
Σ(mb) =
g2
32π2
CRmt (x− 4) log
(
Λ2
M2W
)
. (7.72)
Thus if we take into account the potential role of chiral symmetry in suppressing CR and
we rescale this coefficient by defining CˆR as
CR =
mb√
2v
CˆR, (7.73)
(where v = 246 GeV), the rescaled bounds on CˆR are O(1), leaving the possibility that
natural values of this coefficient may still lead to deviations in these decay modes.
On the other hand, the effect in b→ sℓ+ℓ− is dominated by the coefficients CL, N tL and
N tR. In principle, these coefficients are constrained by electroweak precision measurements,
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most notably ǫ1 = ∆ρ = αT and Rb [111]. Once these constraints are taken into account,
the effects in FCNC B decays [114] are below 15%.
Dimension-five Operators:
Although in principle dimension-five operators -which involve two gauge bosons or one gauge
boson and one derivative- are suppressed by the new physics scale Λ, it is possible that they
may have important effects in b→ sℓ+ℓ− decays. In Ref. [114] all 17 independent operators
are considered. Even after the constraints from electroweak precision measurements and
b→ sγ are included 50% to 75% deviations in the branching ratios are possible.
New Physics in the Higgs Sector
The sector responsible for Electroweak Symmetry Breaking (EWSB) is the least understood
aspect of the SM. The simplest picture, where one Higgs doublet gives rise to MW and MZ ,
and its Yukawa couplings to fermions give them their masses, is likely to be an effective
picture only valid at low energies. Besides the extension of the Higgs sector necessary in
supersymmetric theories, it is possible to imagine various more exotic scalar sectors. The
simplest extension to a two-Higgs doublet sector results in three possible realizations. In the
first one only one doublet gives masses to the fermions (Model I). Another possibility is that
each doublet is responsible for giving masses for either the up or the down type fermions
(Model II). Both these models avoid tree-level FCNCs in the scalar sector [116]. Model II is
also the Higgs sector of the MSSM. Finally, the more general possibility (Model III) allows
for such FCNC interactions to take place [117]. The presence of the additional scalar states
will in general contribute to FCNC processes. In the case of Models I and II, this happens
through the one-loop contributions of charged scalars. These have been studied extensively
in the literature [118]. For instance, b → sγ constraints the mass of the charged Higgs in
Model II to be roughly mH± > 300 GeV, almost independently of the values tan β [91]. For
mH± > 300 GeV and large tan β, B(Bs,d → ℓ+ℓ−) can vary by a factor of two from its SM
value in Model II [120]. The phenomenology of Model III has been studied in Ref. [119].
Experimental measurements in b → sℓ+ℓ− modes such as B → K(∗)ℓ+ℓ− and Bs → ℓ+ℓ−
are going to have an important impact on the parameter space of these models.
Strong Dynamics
If strong dynamics were responsible for the breaking of the electroweak symmetry at the
TeV scale, there could be remnant effects at the weak scale. These could manifest as
small deviations in the SM model couplings. In this case, the EWSB sector of the SM
can be described by an effective Lagrangian [121] where the leading order corresponds
to the SM and higher order corrections come in through higher dimensional operators,
and are therefore suppressed by the scale Λ ≃ O(∞) TeV. Among the possible effects
relevant for FCNC B decays are the anomalous triple gauge boson couplings discussed in
Section 7.1.4 and the anomalous couplings of fermions to SM gauge bosons of Section 7.1.4.
Additionally, corrections to the Nambu-Goldstone boson (NGB) propagators lead, at next to
leading order in Leff., to non-standard four fermion operators [122]. These are constrained
by measurements of Z → bb¯ and B0 − B¯0 mixing. They also contribute at one-loop to
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b → s as well as s → d transitions which were studied in Ref. [123]. Their contribution to
b → sγ is negligible since it only starts at two loops. However, the b → sℓ+ℓ− processes
receive potentially large deviations, which are correlated with similar deviations inK(+,0) →
π(+,0)νν¯.
Finally, many specific scenarios of strong dynamics in the EWSB sector have relatively
light scalar states some of which may contribute to FCNC through loops, or even in some
cases at tree level. To a large extent, the phenomenology relevant to b→ sℓ+ℓ− decay modes
is similar to that of multi-Higgs models. Model-dependent specifics can be see in Ref. [124]
for extended technicolor and in Ref. [125] the topcolor flavor signals were extensively studied.
In most cases the power of b → sγ to constrain the masses and couplings of these scalar
states is limited due to the possibility of cancellations. Modes such as B → K∗ℓ+ℓ− will be
much more constraining.
7.2 Rare Decays: Experiment
7.2.1 Rare Decays at D0
We have investigated D0 options to study several rare B-decay processes in Run II:
• B0d → K∗0µ+µ− decay followed byK∗o→ K±π∓, with the expected combined branch-
ing ratio of 0.67 ×1.5×10−6.
• inclusive b→ sµ+µ− decay with the expected SM branching ratio of 6×10−6.
• exclusive B0s → µ+µ− decay, with the expected SM branching ratio of 4×10−9.
With its extended muon coverage and excellent muon identification, D0 can easily trigger
on the semileptonic decay of B mesons into muons. In particular, we expect that the dimuon
trigger, with an effective transverse momentum (pT ) threshold for individual muons of 1.5-
2 GeV/c in the pseudorapidity range |ηµ| < 1.6, will run unprescaled even at the highest
luminosities. Thanks to the installation of the central and forward preshowers in Run II, D0
will also be able to trigger on low pT dielectrons. However, because of the limited bandwidth
available at the level one (10 kHz) and level two (1 kHz) of the current trigger system,
the rate of low threshold lepton triggers could become unacceptable. We are protecting
ourselves against this possibility by adding a level 2 trigger preprocessor using the data
from the Silicon Vertex Detector (SMT). The processor will allow to trigger on events
containing tracks with large impact parameters in the transversal plane, coming from the
decay of B/D mesons.
Various trigger combinations and kinematic cuts have been considered to optimize se-
lection of the rare decay processes. The expected numbers of events are quoted for an
integrated luminosity of 2 fb−1 and the B meson production cross section normalized to
σ(B0d) = 3.2µb for p
B
T > 6 GeV, |y(B)| < 1. The combined trigger efficiency for the pro-
posed dimuon and the single muon trigger is 55% for events with two muons with pµT > 1.5
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GeV/c, |ηµ)| < 1.6, and pµµT > 5 GeV/c. We have verified that, with these kinematic cuts,
trigger efficiency is independent of the dimuon mass.
We found in our Run I analysis [129] that for the inclusive B → Xsµ+µ− decay it
would be necessary to restrict the search to a limited dimuon mass range of (3.9-4.4) GeV,
representing ≈ 7% of the decays [130], in order to avoid the sequential decays B → D+µ+
X1;D → µ+X2 and J/ψ and ψ(2s) resonances. However, even in this limited dimuon mass
window, we expect only 1000 signal events compared to 100,000 QQ¯ → µ−µ+ +X physics
background events, with muons originating from two different b quarks. Some additional
kinematic cuts on the event topology and multivertex searches could improve the signal to
background ratio, however, it does not seem worth the effort. There is only a limited interest
in measuring the small and least theoretically known part of the dimuon mass spectrum.
The process B0s → µ+µ− is also rather hopeless to measure, unless the branching ratio
is boosted by some additional, non SM contributions, like Higgs doublet exchanges. We
expected fewer than 5 recorded B0s → µ+µ−events in 2 fb−1 of data.
On the other hand, D0 has a fair chance to make a competitive measurement of the
B0d → K∗0µ+µ− decay, including the rate, and the decay asymmetry dependence on the
dimuon mass. We have generated relevant Monte Carlo events combining the ISAJET
production information with the predicted decay distributions, taken from Ref. [141]. A
simple analysis of the Monte Carlo events was based on the CDF experiences from their
attempt to isolate this channel in the Run I data [132,140]. Details of the investigations are
described in the next sections.
7.2.1.1 Monte-Carlo Samples
This study is based on various Monte-Carlo samples generated with the ISAJET program
at
√
s = 2 TeV, with events selected by the presence of two muons in the final state.
Only a small sample of events has been processed through the current D0 event simulator,
D0RECO and the current Level 1 trigger simulator. For the remaining events, the detector
response was simulated using an older version of the muon trigger simulator.
The physics background is primarily due to QQ¯ → µµX events, where Q stands for a
c or b quark. A large sample of such events was generated with the NLO-QCD ISAJET
version 7.22 in FOUR bins of pbT : (2–3) GeV/c, (3–5) GeV/c, (5–10) GeV/c, and (5–80)
GeV/c. Only 80K events with 2 muons satisfying the acceptance cuts pµT > 1.5 GeV/c and
| ηµ |< 2 were kept for Geanting. We compared the pbT differential spectrum for all events,
dσb/dpbT , to the MNR [131] prediction and renormalized the ISAJET weigths to match
the MNR pbT and p
c
T spectra In addition, the absolute normalization of this sample was
done using the CDF measurement of b → J/ψ production cross section at 1.8 TeV [133],
extrapolated to the c.m. energy of 2 TeV (cross section increased by 25%). A smaller
sample of QQ¯→ µµX, again in the pbT ranges from 2 GeV/c to 80 GeV/c, was generated
with ISAJET 7.37 to confirm previous results.
The expected dimuon mass distribution due to QQ¯ production is shown in Fig. 7.9 for
events with both muons satisfying the conditions pµT > 1.5 GeV/c and and | ηµ |< 1.6.
The dimuon mass spectrum for muons originating from different b quarks is relatively flat
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Figure 7.9: Expected number of dimuon events in 2 fb−1 of data, due to QQ¯
production, as a function of the dimuon mass for muons with pµµT > 2.0 GeV/c,
pµT > 1.5 GeV/c and | ηµ |< 1.6: (a) muons from different b quarks, (b)sequential b
quark decays, and (c) total. Trigger and reconstruction efficiencies are not included.
Events were generated with ISAJET V7.22 and normalized to the MNR differential
pQT distributions with the absolute normalization based on the measured b→ J/ψ+
X cross section.
between 2 GeV and 7 GeV, where the dominant process is the gluon splitting into bb¯ pairs
(Fig. 7.9 (a)). The mass spectrum resulting from sequential b→ c→ s quark decays has a
maximum around mµµ = 2 GeV and does not extend beyond the mµµ = 4 GeV (Fig. 7.9
(b)).
The signal samples of events were generated with ISAJET 7.37, using the leading order
only and a single pbT bin between 2 and 80 GeV/c. ISAJET decays B
0
d mesons into K
∗µ+µ−
system according to the three-body phase space. Therefore ISAJET events had to be
weighted to match expected decay spectra, as calculated in Ref. [141]. The event weight
depends on two observables: the dimuon mass and the energy of the negative muon in the
B0d rest frame. We have verified that the distributions of weighted Monte Carlo events
are consistent with predictions of Ref. [141]. The expected non-resonant dimuon mass
distributions for the B0d → K∗0µ+µ− process from phase space and those predicted by the
theory are shown in Fig. 7.10 (a). The predicted asymmetry plot is shown in Fig. 7.10 (b).
The primary vertex position was generated at (0,0,z0), with z0 following a Gaussian
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Figure 7.10: Comparison of the expected non-resonant dimuon mass distributions
for the B0d → K∗0µ+µ− process from phase space and predicted by theory (a).
Predicted asymmetry as a function of dimuon mass (b).
distribution with a width of 25 cm.
The combined single muon/dimuon trigger rates at the instantaneous luminosity of 2
1032cm−2s−1 due to dimuons from the genuine QQ¯ signal are ≈ 13 Hz (≈ 4 Hz for pµµT >
5 GeV/c). The 13 Hz combines contributions from: cc¯ pair production (2.5 Hz), bb¯ pair
production (9.5 Hz) and b → J/ψ +X decays (1.0 Hz). A requirement of pµµT > 2 GeV/c
reduces the rate to 9 Hz (see Chapter 4.5.2).
It turns out that there is little trigger efficiency dependence on the dimuon mass for
events selected with kinematic cuts used in this analysis. This is illustrated in Fig. 7.11,
where we plot results of our investigations from early 1998. Therefore, muon/dimuon trigger
efficiencies for the inclusive b → J/ψ production, discussed in Chapter 4.5.3 apply to the
entire B0d → K∗0µ+µ− sample and the trigger does not significantly distort the dimuon
spectrum once the kinematic cuts are introduced.
7.2.1.2 The Exclusive Channel B0d → K∗0µ+µ−
In this section we summarize results for the process B0d → K∗0µ+µ−with K∗o → π±K∓.
Expected numbers of events were obtained under the following assumptions:
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Figure 7.11: Trigger rate dependence on the dimuon mass for events preselected
with kinematic cuts | ηµ |< 1.6, pµT > 1.5 GeV/c and pµµT > 5 GeV/c. These results
were obtained with the Sep. 97 version of the muon trigger simulator.
• integrated luminosity of 2 fb−1
• production cross section normalized to σ(B0d) = 3.2µb for pBT > 6 GeV, |y(B)| < 1.
This assumption results in the predicted number of produced B0d or B¯
0
d equal to
1.4×1011, the same number as obtained assuming σbb¯ = 100µb and B(b¯→ B0) = 0.35
(see also Tables 6.4 and 7.8).
• Bd decay branching ratio B(B0d → K∗0µ+µ−) = 1.5 ×10−6 and B(K∗o → π±K∓) =
0.67.
• two muons with pµT > 1.5 GeV/c and | ηµ |< 1.6
• dimuon pair transverse momentum pµµT > 5.0 GeV/c.
• Level 1 trigger efficiencies for a combined trigger L1MU(2,2,A,M) and L1MU(1,4,A,T)
as discussed in Chapter 4.5.3 (Table 4.1). Level 2 and Level 3 trigger efficiencies are
unknown at the time of this writing and are set to 1.0.
• track reconstruction efficiency of 95% per track (81% per event).
Analysis cuts included:
• primary - secondary vertex separation in the transverse plane of 400 µm
• charged particles from the K∗o → π±K∓ decay with transverse momenta: pπ(K)T > 0.5
GeV/c and | ηπ(K) |< 1.6
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pµµT > 5.0 GeV/c 5.0 GeV/c
pµT > 1.5 GeV/c 3.0 GeV/c
Muon (dimuon) kinematic acceptance,ǫµ 0.052 0.014
Level 1 trigger efficiency, ǫLev1 0.55 0.67
Level 2 & 3 trigger efficiency,ǫLev23 1.00 1.00
Number of recorded events 4000 1350
ǫanalysis 0.17 0.22
ǫreco 0.81 0.81
Number of reco. events prior to the IP cuts 550 250
IP signif. > 2 for at least 3 tracks 490 220
IP signif. > 2 for all 4 tracks 310 130
Table 7.5: Expected numbers of events for the B0d → K∗0µ+µ− process with dif-
ferent analysis cuts.
• K∗o transverse momentum > 2 GeV/c
• dimuon invariant mass outside the J/ψ ((3.05 − 3.15) GeV) or ψ(2s) ((3.62 − 3.76)
GeV) mass windows.
• isolation I > 0.6, where I is the transverse momentum of the B candidate divided
by the scalar sum of transverse momenta of the B and all other tracks. CDF has
established efficiency for this cut as 0.92 ± 0.06 [140].
• the transverse plane impact parameter significance > 2 requirement for either three
out of four tracks or all four tracks from the B0d → K∗0µ+µ− decay.
Table 7.5 lists expected event rates for various kinematic cuts. The inclusion of the
B0d → e+e−K∗ decay mode could result in a 50% increase in the number of observed events.
As an illustration, the dimuon mass distribution for the reconstructed sample of 630
events is shown in Fig. 7.12(a). The minima in the distribution are due to the removal of
the J/ψ and ψ(2s) mass bands. A corresponding plot, assuming a 1:1 signal to background
ratio, is shown in Fig. 7.12 (c). The background was distributed according to the three
body phase space and its rate estimate is based on the CDF extrapolations from their run
I experience. An independent MCFAST Monte Carlo background evaluation has not yet
been completed.
We conclude that the number of expected events, combined with relatively modest
background level, will enable D0 to establish the signal and to measure its q2 = m2µµ
dependence. However, the numbers quoted in Table 7.5 represent an optimistic scenario,
based on the D0 nominal trigger and track reconstruction efficiencies. A reduction in the
per track reconstruction efficiency from 95% to 88% (a value used by CDF) and an inclusion
of a Level 2&3 trigger efficiency of 50% (the STT preprocessor - see Chapter 4.5.4) would
drop the number of expected events listed in Table 7.5 by a factor of three. The clue to a
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Figure 7.12: (a) Dimuon mass distribution in decay B0d → K∗0µ+µ−, and (c)
assuming 1:1 signal to background ratio. (b) Predicted asymmetry signal as function
of dimuon mass, and (d) assuming the background level as in (c).
successful measurement of the B0d → K∗0µ+µ− process with the D0 detector is our claimed
ability to trigger on low mass dimuons over large rapidity range.
The B0d → K∗0µ+µ− process is expected to exhibit an asymmetry in the cosθ distribu-
tion, where θ is the µ+ decay angle between the direction of the Bd and the direction of µ
+
in the rest frame of the µ+µ− rest frame. This asymmetry manifests itself as a difference
in the energy distributions of µ+ and µ− in the Bd rest frame, at a given dimuon mass.
The asymmetry is expected to vary with the dimuon mass from approximately 0.2 at small
masses to -0.4 around 3.5 GeV. The sign reversal of the asymmetry occurs at the dimuon
mass of ≈ 2 GeV and turns out to be relatively model independent.
The predicted asymmetry signal as a function of the dimuon mass for the same sample
of events is shown in Fig. 7.12(b). A related plot, assuming a 1:1 signal to background
ratio, is shown in Fig. 7.12 (d). The observed asymmetries, corrected for the assumed
background contribution are 0.13±0.13 and -0.31±0.06 for mµµ < 2 GeV and mµµ > 2
GeV, respectively.
7.2.1.3 The Inclusive Decay B → Xsℓ+ℓ−
This process, although theoretically the most interesting to measure, is very difficult to
separate experimentally in hadronic collisions. The expected µ+µ− spectrum due to the
heavy quark production is shown in Fig. 7.13 (onia states are removed). The muons are
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Figure 7.13: Expected dimuon mass distributions due to the non-resonant QQ¯
production. Both muons are required to have pµT > 1.5 GeV/c (3.0 GeV/c in
(c)) and | ηµ |< 1.6 and the dimuon pT must be greater than: (a) 2 GeV/c,
(b,c) 5 GeV/c. Trigger and reconstruction efficiencies are not included. Events
were generated with ISAJET V7.22 and normalized to the MNR differential pQT
distributions with an absolute normalization based on the measured b→ J/ψ +X
cross section.
selected with transverse momenta greater than 1.5 GeV/c and | ηµ |< 1.6. The mass region
below 3.9 GeV is dominated by the sequential b-quark decays, for which one of the muon
tracks originates from the B hadron vertex, whereas the other from the charm decay vertex.
At larger masses muon pairs are produced predominantly by semi leptonic decays of b and
b¯ quarks with the bb¯ pair resulting from a gluon splitting. Therefore the muon tracks are
expected to point to two different vertices.
The expected dimuon mass spectrum for the B → Xsµ+µ− process smeared by the
expected experimental resolution is shown in Fig. 7.14. The dimuon mass range (3.9 - 4.4)
GeV represents only 7% of the spectrum (expected number of events is 30 % larger for (3.8
< m(µµ) < 4.4) GeV). The dominant QQ¯ physics background could be slightly reduced
by increasing the required transverse momentum of the muon pair, as shown in Fig. 7.13.
Imposing kinematic cuts similar to those described for the B0d → K∗0µ+µ− analysis leads
to the expected number of events listed in the Table 7.6. The numbers are quoted for the
assumed branching ratio for the B → Xsµ+µ− decay of 6×10−6.
The signal is overwhelmed by the physics background, with a 1:1000 ratio. The back-
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Figure 7.14: The calculated differential branching fraction for the decay
B → Xsµ+µ−, as a function of mµµ. (b) the same differential branching frac-
tion modified by the response of the D0 detector. The arrows indicate the search
window used in this analysis.
pµµT > 2.0 GeV/c > 5.0 GeV/c > 5.0 GeV/c
pµT > 1.5 GeV/c > 1.5 GeV/c > 3.0 GeV/c
Trigg. effic. (%) 32 55 67
Recorded 2300 1750 1000
Vtx separation cut of 400 µm 1200 1050 650
bb¯ Bkgd (no analysis cuts) 1,900,000 400,000 100,000
Table 7.6: Expected number of recorded B → Xsµ+µ− events in the mass window
3.9< mµµ < 4.4 GeV with different analysis cuts.
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pµµT > 2.0 GeV/c > 5.0 GeV/c > 5.0 GeV/c
pµT > 1.5 GeV/c > 1.5 GeV/c > 3.0 GeV/c
Signal events after cuts 6 3 1.5
Table 7.7: Expected number of B0s → µ+µ− events.
ground estimates are based on the ISAJET 7.37 version. The earlier ISAJET versions, like
V7.22, predict the background level twice as large. Additional cuts on the event topology
and a requirement of a common muon vertex will reduce the background by factors 3-10,
not sufficient to establish the B → Xsµ+µ− signal.
7.2.1.4 The Exclusive Channel B0s → µ+µ−
The expected number of events for the B0s → µ+µ− mode is summarized in Table 7.7. We
assume that Bs mesons are produced with a rate equal to 40% of that for Bd mesons [138].
The quoted numbers are for the B0s → µ+µ− branching ratio of 4×10−9. The analysis cuts
include: (i) the Bs isolation cut, I> 0.6, (ii) the requirement that the transverse decay
length in the Bs rest frame exceeds 100 µm, and an impact parameter significance for each
muon track greater than 2. A 95% reconstruction efficiency per track is also assumed.
With the expected number of events there are limited chances to measure this branching
ratio, unless its actual value is significantly boosted up by some non-SM processes. The
background rates have not yet been estimated.
7.2.2 Rare Decays at CDF
In Run 1I CDF expects to collect a large enough b sample to observe rare b decays with
branching ratios of order 10−6, including b → sγ (radiative) decays and b → sµµ decays.
In this section, we describe the prospects for CDF in Run 1I for measurements in several
channels: Bd,s → K∗0γ, Λb → Λγ, Bd → K∗0µµ, and Bd,s → µµ. We will discuss trigger
selections for these channels and estimates signal yields. We also study the potential to
measure the forward-backward asymmetry AFB in the Bd → K∗0µµ decays and show some
ideas to extract the zero position of AFB as a function of Mµµ.
7.2.2.1 Radiative B Meson Decays
BaBar and Belle are expected to observe approximately 20 B → K∗γ decays per 1 fb−1 of
Υ(4S) data. Each experiment plans to obtain or order 100 fb−1 within 3 years (1000 B →
K∗γ). However, these projections are recently getting much better, and each experiment
may obtain several 100 fb−1 of data by 2004. Our goal is to implement a trigger to collect
of order 1000 B → K∗γ events during Run 1I. Our studies of radiative decays of Bs and Λb
are unique to the Tevatron.
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In Run 1, CDF included a dedicated trigger for radiative b decays, searching for a
photon associated with a nearby pair of tracks [135]. In this trigger, we required two
energetic oppositely-charged tracks, each with pT > 2 GeV/c, in the vicinity of the photon.
We collected 22.3 pb−1 of data in Run 1B with ET (γ) > 10GeV, and 6.6 pb
−1 in Run 1C
with ET (γ) > 6GeV and obtained upper limits on the branching fractions for Bd and
Bs radiative decays to be 1.6 × 10−4 and 2.5 × 10−4, respectively. Another search for
radiative b decays used photon conversions. One of the conversion electrons was triggered
with an 8 GeV threshold [136,137]. The two methods had similar acceptance after all cuts,
but because it relied on tracking information to reconstruct the photon, the conversion
method had superior B-mass resolution and a more straightforward analysis procedure.
Also, the conversion method has a ready normalization in the kinematically similar B0 →
J/ψK∗0, J/ψ → e+e− mode.
In order to trigger on radiative B meson decays, we can take advantage of the long
lifetime of b hadrons and use the SVT track processor to find charged-particle tracks signif-
icantly displaced from the beamline. We will use the same trigger selection as for semilep-
tonic decays discussed in Section 7.5.1, requiring a 4GeV electron associated with a track
of pT > 2 GeV/c found by the SVT to have an impact parameter d0 greater than 120µm.
Furthermore, we require the angle between the electron and track to be less than 90◦ and
the transverse mass to be less than 5GeV/c2. Because of the lower electron threshold, after
kinematic cuts made in the Run I analysis to purify the sample, this trigger selection has
about a factor of 3 greater acceptance for radiative decays than the inclusive 8GeV electron
requirement that was used in Run I but with a substantially lower trigger rate. The rate for
the same-side electron plus displaced track selection is expected to be 9Hz at a luminosity
of 1032 cm−2 s−1.
An estimate of the signal yield for Bd → K∗0γ is obtained by scaling the Run 1 analysis
results with the ratio of the acceptances between Run 1 and Run 1I. The Run 1 analysis
yield can be described as [137],
N(Run I) =
Br(Bd → K∗0γ)
(4.36 ± 1.13) × 10−5 . (7.74)
The expected signal yield of the Run 1 analysis was 1.03 ± 0.17 events with Br(Bd →
K∗0γ) = 4.5×10−5. To calculate the acceptance ratio between Run 1 and Run 1I, we require
all the tracks (e+, e−, K+, and π−) to have pT > 400 MeV/c and to pass through the full
tracking volume to ensure high resolution and reconstruction efficiency. We also require
the same offline selection cuts as the Run 1 analysis (ct(B) > 100 µm and |d0(K,π)| >
4.5σ = 100 µm). We correct for the improved SVX acceptance in Run II and the relative
efficiencies of the Run I and Run II track processors, and we assume the SVT tracking
efficiency to be 0.88 per track. We also assume the photon conversion probability before
the central drift-chamber tracking volume to be 6% in Run 1 and 8% in Run 1I. Other
efficiencies are assumed to cancel in the ratio. For the Bs → K∗0γ channel, we expect the
branching fraction to be scaled by |Vtd|2/|Vts|2 ∼ 0.16 relative to Br(Bd → K∗0γ), and the
ratio of the production rates for Bs and Bd mesons is fs/fs = 0.426± 0.07 [138]. Thus the
expected yield is
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N(Bs → K∗0γ) ∼ fs
fd
|Vtd|2
|Vts|2N(Bd → K
∗0γ) ∼ 0.07 ×N(Bd → K∗0γ). (7.75)
For the same-side 4GeV electron plus displaced track selection, we expect the following
signal yields after all cuts:
N(Bd → K∗0γ) = (170 ± 40) ×
∫ L (fb−1)
2 fb−1
× Br(Bd → K
∗0γ)
4.5× 10−5 (7.76)
N(Bs → K∗0γ) = (12 ± 4)×
∫ L (fb−1)
2 fb−1
× Br(Bd → K
∗0γ)
4.5× 10−5 . (7.77)
Note that lowering the electron threshold to 3GeV would increase the acceptance by about
50% but would lead to significantly higher trigger rates.
7.2.2.2 Radiative b Baryon Decays
Since the Λ baryon has a long lifetime (cτ = 8cm), most of the Λ decays from Λb →
Λγ → pπee events are expected to be outside of the SVX fiducial volume, so there would
be a low probability for the proton from the Λ to be reconstructed by the SVT. A way
to trigger on this channel is to find an electron from the conversion and find a displaced
track that originates from the opposite b quark. This electron plus opposite-side displaced
track selection is also described in detail in Section 7.5.1. We would require an electron
with a 4GeV threshold and a displaced track found by the SVT with pT > 2 GeV/c and
d0 > 120µm with a large opening angle between the two (∆φ > 90
◦) and transverse mass
MT > 5GeV/c
2 such that the electron and track not come from the decay of a single b
hadron.
The expected yield for the Run 1 Λb → Λγ search can be summarized in terms of the
acceptance as [139],
N(Run I) =
Br(Λb → Λγ)
(2.80 ± 0.95) × 10−4 . (7.78)
Thus the expected signal events of the Run 1 analysis is 0.16 ± 0.06 events with Br(Λb →
Λγ) = 4.5× 10−5. To calculate the acceptance ratio between Run 1 and Run 1I, we require
all the tracks (e+, e−, p, and π−) to have pT > 400 MeV/c and pass through the full
tracking volume.
In the Run 1 analysis, we required pT (Λ) > 4 GeV/c for the Λ decays reconstructed
without SVX tracks and pT (Λ) > 2 GeV/c with |d0(Λ)| > 70 µm for those reconstructed
with SVX tracks. For the Run 1I estimate, the Λ is required to decay before the ISL (Radius
< 20 cm) to improve signal purity. This allows us to lower the pT (Λ) threshold to 2GeV/c.
The opposite-side SVT track required to be in the tracking fiducial with pT > 2 GeV/c
and 120 µm < |d0| < 2 mm. The signal yield with the opposite-side 4 GeV electron plus
displaced-track trigger is found to be
N(Run II) = (5.0± 2.1) ×
∫ L (fb−1)
2 fb−1
× Br(Λb → Λγ)
4.5 × 10−5 . (7.79)
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7.2.2.3 Bd → K∗0µµ Decays
Because the trigger rate for dimuon events peaks at low µµ mass, to trigger on J/ψ →
µ+µ− decays at high luminosity, CDF expects to impose a cut on transverse mass 2 <
MT < 4GeV/c
2 for J/ψ selections. However, the low-mass region is needed in the study
of Bd → K∗0µµ decays. Since the looser dimuon transverse mass window cut (MT < 5
GeV/c2) for rare decays increases the Level 2 trigger rate by about factor of 4, we need
further background reductions. We plan two complementary trigger options:
• Improving muon purity by requiring one of the trigger muons to be found in the outer
(CMP) muon chambers
• Requiring there to be a track of 2.0 GeV/c found to be displaced by the SVT with
|d0| > 120µm.
In the second case, the SVT-selected track can be one of the two muons or a hadron track.
We expect the combined trigger rate for the two selections to be about 10Hz at a luminosity
of 1032 cm−2 s−1.
The signal yield is obtained by using the same procedure as the radiative decays. The
expected yield of the Run 1 analysis can be described as [140]
N(Run I) =
Br(Bd → K∗0µµ)
(1.65 ± 0.33) × 10−6 , (7.80)
and the expected signal events of the Run 1 analysis is 0.91 ± 0.18 events with Br(Bd →
K∗0µµ) = 1.5 × 10−6. To calculate the acceptance ratio between Run 1 and Run 1I, we
make the kinematic and geometric fiducial cuts as with the radiative decays. We also require
the same offline selection cut as Run 1 analysis (LXY (B) > 400 µm and |d0(µ,K, π)| >
2σ ≃ 50µm). We correct for the increased acceptance of the muon triggers in Run II. For
the dimuon + SVT trigger, we assume the SVT tracking efficiency to be 0.88 per track. Any
other efficiencies are assumed to be canceled in the ratio. Thus for an assumed branching
ratio of 1.5 × 10−6, in 2 fb−1 CDF expects to observe 44 ± 9 events with the tight muon
selection and 36 ± 7 events with the dimuon plus SVT selection for a combined yield of
61± 12 events.
Forward-Backward Asymmetry
The Forward-Backward asymmetry in the Bd → µµK∗0 decay is defined as
AFB =
N(cosΘ > 0)−N(cosΘ < 0)
N(cosΘ > 0) +N(cosΘ < 0)
=
NF −NB
NF +NB
(7.81)
where Θ is the angle between the direction of the Bd and the direction of the µ
+ in the
rest frame of the µ+µ− system. Note that the definition for the Bd meson is the same as
that for the Bd meson so flavor tagging is not necessary to measure AFB . In general AFB
depends on the decay kinematics. Standard Model calculations predict the distribution of
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AFB as a function of the dimuon mass to cross the zero around
√
s =Mµµ = 2 GeV/c. As
discussed in Section 7.1.3.3, the AFB distribution strongly depends on the B → K∗ form
factor; however, the zero position (M0) is stable under various form-factor parameteriza-
tions. Figure 7.8 compares the AFB distributions predicted by the Standard Model with
several SUSY models. Some new physics models predict there to be no zero in the AFB
distribution.
Figure 7.15 shows the expected AFB distributions with 50 and 400 Bd → K∗0µµ events
after all the trigger and offline requirements. The solid line in the figure corresponds to the
Monte Carlo generated distribution.
Figure 7.15: AFB with 50 and 400 events of the Bd → K∗µµ signal and S/B = 1.
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Asymmetry in Background Events
Figure 7.16 shows the AFB distribution as a function ofMµµ for the background, estimated
from the same dataset as the Run 1 Bd → K∗µµ search [140]. We define four background
regions,
• non-b SR : (non-b-like B mass signal region event),
• non-b SB : (non-b-like B mass side-band event),
• B mass b SR : (b-like B mass signal region event),
• B mass b SB : (b-like B mass side-band event),
where the cuts are defined as,
• non-b-like : prompt; specifically LXY , d0(µ), d0(K), and d0(π) < 1σ,
• b-like : displaced; specifically LXY > 2σ, and d0(µ), d0(K), and d0(π) > 1σ,
• signal region : |MBd −MµµKπ| < 100 MeV/c2,
• side-band : 100 MeV/c2 < |MBd −MµµKπ| < 600 MeV/c2.
In the above σ indicates the r.m.s. uncertainty of each quantity. There is no significant
forward-backward asymmetry in any of the background samples.
.
Extraction of AFB Zero Point
To extract the zero-point of the asymmetry with respect to Mµµ, we define the significance
of AFB as
S = NF −NB√
NF +NB +NBG
. (7.82)
We define a likelihood function to extract the zero position:
L = S(Mµµ < M)− S(Mµµ > M) = S− − S+. (7.83)
The likelihood is expected to be maximal at a mass M0 where AFB(M0) = 0. Figure 7.17
shows the AFB and likelihood distributions in a Monte Carlo sample of 10000 signal events
and no background events. We repeated the same analysis for the case of 50 (400) signal
events and a 1:1 signal-to-background ratio under the assumption there is no background
asymmetry. The results are shown in Figure 7.18. The histograms show the distribution
of M0 values for 1000 trials with signal sizes of 50 and 400 events. The points are results
for a generated samples with no forward-backward asymmetry. Therefore, it appears that
it will be difficult to extract the asymmetry zero point after only 2 fb−1 in Run IIa, but the
prospects are much more promising for 15 fb−1 in Run IIb. However, more work needs to
be done on defining an asymmetry significance.
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Figure 7.16: The forward-backward asymmetry for the background events ob-
tained from the Run 1 data.
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Figure 7.17: The forward-backward asymmetry in Ref [141], and a likelihood
function for extracting the asymmetry zero-point M0.
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Figure 7.18: AFB and M0 with 1000 Bd → K∗µµ events and S/B = 1.
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7.2.2.4 B → µ+µ−
The dimuon triggers are also useful to study the two-body decay Bd(s) → µ+µ−. Since the
Standard Model predicts the branching fraction of Bd → µ+µ− to be much lower than the
reach of CDF in Run II, we give an expected “single-event sensitivity” instead of the signal
yield. Single-event sensitivity is defined as branching ratio for which we would expect to
observe one event in 2 fb−1.
The sensitivity is obtained by using the same procedure as the Bd → µµK∗0 decays.
The result of the Run 1 analysis is [140], b
S(Bd → µµ) = (2.0 ± 0.5)× 10−7 (7.84)
S(Bs → µµ) = (6.0 ± 1.6)× 10−7. (7.85)
The Run 1I expectation is obtained by scaling the Run 1 sensitivity for the same trigger
selections as CDF plans to use for B0 → µ+µ−K∗0. Combining the results for the two
trigger paths, we find the sensitivities to be
S(Bd → µµ) = 3.5 × 10−9 × 2 fb
−1∫ L (fb−1) (7.86)
S(Bs → µµ) = 1.0 × 10−8 × 2 fb
−1∫ L (fb−1) . (7.87)
Given the Standard module prediction Bd and Bs branching fractions of 1.5 × 10−10 and
3.5× 10−9 respectively, we would expect a few Bs → µµ signal in 15 fb−1 of Run IIb.
7.2.2.5 Summary
We have examined the sensitivity of Run 1I CDF for the four rare-decay modes Bd(s) →
K∗0γ, Λb → Λγ, Bd → K∗0µµ, and Bd(s) → µµ. The expected signal yields are obtained
by scaling the results of the Run 1 analyses:
N(Bd → K∗0γ) = (170 ± 50) ×
∫ L
2 fb−1
× Br(Bd → K
∗0γ)
4.5× 10−5 , (7.88)
N(Bs → K∗0γ) = (12 ± 4)×
∫ L
2 fb−1
× Br(Bd → K
∗0γ)
4.5 × 10−5 , (7.89)
N(Λb → Λγ) = (4.0 ± 1.7) ×
∫ L
2 fb−1
× Br(Λb → Λγ)
4.5× 10−5 , (7.90)
N(Bd → K∗0µµ) = (59 ± 12)×
∫ L
2 fb−1
× Br(Bd → K
∗0µµ)
1.5 × 10−6 , (7.91)
S(Bd → µµ) = 3.5 × 10−9 × 2 fb
−1∫ L , (7.92)
S(Bs → µµ) = 1.0 × 10−8 × 2 fb
−1∫ L . (7.93)
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We also studied the forward-backward asymmetry in the Bd → K∗0µµ decay and showed
some ideas to extract the zero position of the AFB distribution.
7.2.3 Rare Decays at BTeV
Because the Tevatron produces more than 1011 b hadrons per year, we should be able to
observe some of these decays and to set stringent limits on others. The precise vertexing
of the BTeV silicon pixel detector will allow us to easily differentiate b decays from non-
b backgrounds in the Tevatron environment. We present the expected sensitivities from
studies of some of these decay channels.
7.2.3.1 The Exclusive Channel B0 → K∗0µ+µ−
Since we expect large backgrounds under the signal, an understanding of these backgrounds
is critical to understanding our sensitivity. The various sources of background are:
• b-events where portions of the two b hadrons in the event appear to form a vertex
downstream of the production point. In approximately 1% of all bb¯ events both B
hadrons decay semileptonically producing two real muons. In addition, there is a
charged kaon in at least one of the b’s over 90% of the time.
• Minimum bias events where three particles conspire to fake a secondary vertex and
two of the particles either decay downstream of the magnet or make hadronic showers
which leave a signal in the muon detector (hadron punch-through).
• Charm events with one or more real muons and kaons.
• More generally, any admixture of b, charm, minimum bias events, primary interactions
and secondary decays, combined with hadronic punch-through.
• Decays from single B mesons where two charged pions fake muons.
The basic weapons to combat these backgrounds are:
• Excellent discrimination between the primary and secondary vertex, which eliminates
backgrounds from minimum bias events and from the underlying event within a true b
event. Tracks which are not part of the b vertex are easily rejected by requiring a non-
zero vertex fit probability, as shown in Fig. 7.19(a). Also, the normalized decay length
(L/σL), shown in Fig. 7.19(c), provides additional discrimination against background.
• Excellent mass resolution (of order 17 MeV) on the final state, as shown in Fig. 7.20.
• Excellent “point-back” resolution of the reconstructed b candidate with respect to
the primary vertex. This will help to reject vertices that have been artificially pieced
together from particles from the two separate b’s in the event. The normalized B
impact parameter (bB/σbB ) with respect to the primary vertex is quite different for
signal and background events, as shown in Fig. 7.19(b).
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Figure 7.19: Distributions of cut variables for signal (points) and bb background
(hatched) MCFAST events.
• The ability to reject combinations which include tracks that are from the primary
vertex or other vertices in the event, by cutting on the impact parameter of the track
with respect to that vertex. Figures 7.19(e) and (f) show the normalized impact
parameter of the kaon and pion with respect to the primary vertex (bK/σbK and
bπ/σbπ ).
In addition, the signal-to-background depends on the quality of both the muon detector
and the particle identification.
B0 → K∗0µ+µ− events were selected using the following criteria:
• Two muons of opposite charge, each with momentum greater than 5 GeV/c. Both
muon tracks were required to have at least one hit in the muon chambers.
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• K track momentum greater than 3 GeV/c. The kaon track was also required to
have at least one hit in the forward drift chamber between the RICH and calorimeter.
Perfect π/K separation and 100% efficiency for reconstructing the Cherenkov photons
of tracks which traverse the RICH is assumed.
• Good primary vertex with probability greater than 0.01.
• Good b vertex with probability greater than 0.01.
• Decay length greater than 7σ.
• B impact parameter with respect to the primary vertex less than 2.5σ.
• K impact parameter with respect to the primary vertex greater than 2.5σ.
• π impact parameter with respect to the primary vertex greater than 2.5σ.
• B momentum greater than 20 GeV/c.
• |m(Kπ)−mK∗0 | < 50 MeV/c2.
• Cut 100 MeV/c2 about the J/ψ and ψ′ nominal masses to remove regions dominated
by B → ψK∗ and B → ψ′K∗, which interfere with the signal.
Of 4.4 pb−1 of MCFAST bb background events generated (about one million events),
nine pass the selection criteria. For 2 fb−1 of data (one year of running at a luminosity
of 2 × 1032 cm−2 s−1), this would correspond to 4090 events in the range 4.7 GeV/c2 <
m(Kπµµ) < 5.7 GeV/c2, shown in Fig. 7.20. The width of the B0 mass peak obtained
from the MCFAST signal Monte Carlo sample is 17 MeV/c2. Thus, we can expect about
280 background events from semileptonic bb decays under the B0 mass peak, as shown in
Table 7.8. Considering that we expect about 2240 signal events, this corresponds to a signal
to background ratio of about 8.
We did not include the decay B− → ψK− as a background. That decay is large
compared to the rare decay being considered here and will interfere with the rare decay
and distort the dimuon mass distribution in the vicinity of 3 GeV/c2. This, however, is a
physics contribution and will certainly be observed and studied based on a mass cut on the
dimuon. In fact, this state can be used to calibrate the efficiency of the analysis and can
be used as a normalization for a measurement of the relative branching fraction.
A sample of 2 fb−1 of signal MCFAST Monte Carlo events were generated according to
the Standard Model prediction for Afb and Q
2 [141]. Figure 7.21 shows the distributions
of Afb and number of events as a function of m(µ
+µ−) for this sample, after all cuts have
been applied. With our estimated signal to background, we should be able to easily observe
and measure the position of a zero in the asymmetry if it exists, or make a strong case for
non-Standard Model physics, if it does not.
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Figure 7.20: Distributions of tagged B0 → K∗0µ+µ− signal (left) and 4.4 pb−1
of bb background (right) MCFAST events.
Integrated Luminosity 2 fb−1
bb Cross Section 100µb
Number of bb Pairs Produced 2× 1011
NB0 +NB0 Produced 1.4× 1011
Est. B(B0 → K∗0µ+µ−) (1.5 ± 0.6) × 10−6
B(K0∗ → K+π−) 0.67
Number of Signal Events Produced 1.4 × 105
ǫtrig 80%
ǫcuts 2.0%
Number of Signal Events 2240
Number of Background in Signal Box 280
Signal/Background 8
Table 7.8: Estimate of sensitivity to B0 → K∗0µ+µ− for an integrated luminosity
of 2 fb−1. Only backgrounds from bb semileptonic decays were included in this study.
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Figure 7.21: Expected forward-backward asymmetry (left) and number of events
(right) as a function of m(µ+µ−) for signal events after one year of running. No
background is included in these plots.
7.2.3.2 The Exclusive Channel B+ → K+µ+µ−
While the channel B+ → K+µ+µ− is not as rich as B0 → K∗0µ+µ−, in that the asymmetry
Afb is expected to be small within the Standard Model and beyond the Standard Model,
a measurement of the decay rate is still a sensitive probe of new physics. In particular,
measurement of the differential decay rate will provide input to determine the magnitude
and sign of the Wilson coefficients C7, C9, C10.
Most of the backgrounds to this channel are the same as those listed for the B0 →
K∗0µ+µ− analysis in Section 7.2.3.1. Events for this study were selected using nearly the
same criteria as the B0 → K∗0µ+µ− analysis:
• K track momentum greater than 4 GeV/c. The kaon track was also required to
have at least one hit in the forward drift chamber between the RICH and calorimeter.
Perfect π/K separation and 100% efficiency for reconstructing the Cherenkov photons
is assumed.
• Two muons with momentum greater than 5 GeV/c. Both muon tracks were required
to have at least one hit in the muon chambers.
• Good primary vertex with probability greater than 0.01.
• Good b vertex with probability greater than 0.01.
• Decay length greater than 7σ.
• B impact parameter with respect to the primary vertex less than 2.5σ.
• K impact parameter with respect to the primary vertex greater than 2.5σ.
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• B momentum greater than 20 GeV/c.
• Cut 100 MeV/c2 about the J/ψ and ψ′ nominal masses to remove regions dominated
by B → ψK∗ and B → ψ′K∗, which interfere with the signal.
We have not simulated all sources of background. Our estimates indicate that the most
serious background is from events with pairs of b’s, each of which undergoes semileptonic
decay. The background contribution was estimated by applying the selection criteria to
a sample of 2.5 million MCFAST semileptonic bb events, corresponding to a luminosity of
10 pb−1. Of these events, 41 passed the selection cuts and fall within a 1 GeV/c2 window
centered on the B+ nominal mass. Extrapolating to an integrated luminosity of 2 fb−1, we
expect about 8200 events in this window. Assuming a uniform distribution across the B
mass window (this is conservative, since it is actually falling, as shown in Fig. 7.22), one
can expect about 560 events within the 2σ of the B+ mass.
The overall efficiency for this state, with cuts designed to achieve good background
rejection, is about 3.0%. Table 7.9 gives a calculation of the yield obtained for an integrated
luminosity of 2 fb−1. We include in this calculation a triggering efficiency of 80% for those
events which satisfy all the analysis cuts. This is consistent with what we expect to get
from the dimuon trigger (70%) ‘or-ed’ with the vertex trigger which recovers almost half of
what the muon trigger failed to accept. The number of signal events passing the trigger and
all selection criteria is approximately 1680. This gives an impressive signal-to-background
ratio of 3.
The reason that BTeV can achieve excellent signal-to-background is due in a large part
to a powerful particle identification system. For example, the version of the CDF detector
described in the CDF II Technical Design Report [126], lacks particle identification for
tracks above 1 GeV/c. So although CDF expects a signal of 100-300 B+ → K+µ+µ−
events in Run II for that version of the detector, they would be exposed to background
from all pions in the event conspiring with the muons to create background. It is unlikely
that CDF’s signal-to-background in Run II (0.1 in Run I) will approach that expected at
BTeV. In BTeV, because of the RICH, only the kaons can contribute to the background
and there are fewer of them.
7.2.3.3 The Inclusive Decay b→ sℓ+ℓ−
Studies are underway to determine if the BTeV detector will provide enough background
rejection to make a competitive measurement of inclusive b → sℓ+ℓ−. The method under
study is similar to that used by CLEO [127] [128], in which a kaon and 0-4 pions are
combined with the dilepton pair. For the purposes of this study, no neutral pion candidates
are allowed in the combination.
The ability to precisely reconstruct b vertices in BTeV will be instrumental in removing
combinations involving non-b daughters.
Unlike the exclusive modes, an inclusive measurement would provide a model inde-
pendent determination of the Wilson coefficients. It is important to avoid restricting this
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Figure 7.22: Distributions of B+ → K+µ+µ− signal (left) and 10 pb−1 of bb
background (right) events.
measurement to only the high m(ℓ+ℓ−) region above the ψ′, as this introduces model de-
pendence.
7.3 Summary of Rare Decays
Rare b decays provide detailed tests of the flavor structure of the SM at the loop level, and
as such provide a complementary probe of new physics to that of direct collider searches.
While radiative b→ sγ decays are sensitive only to the magnitude of the Wilson coefficient
C7, the semileptonic rare decays b → sℓ+ℓ− and the purely leptonic decays Bd,s → ℓ+ℓ−
are sensitive to additional operators, and so further constrain new physics.
Inclusive decays are in general cleaner theoretically than exclusive, while experimentally
the difficulty is in the opposite order. Because of the difficulty of inclusive measurements,
theoretical techniques to handle exclusive modes in a model-independent fashion are ex-
tremely important. There has been much recent theoretical interest in the large energy
limit (LEL) of QCD, which simplifies exclusive heavy-light decays in the limit that the de-
cay products are produced at large recoil. This has particular application to B → K∗ℓ+ℓ−
decays. In particular, the position of the zero in the forward-backward asymmetry in this
decay has been shown to be model-independent. We look forward to additional advances
in the theoretical understanding of the LEL.
In Run IIa, the radiative b decays Bd → K∗0γ, Bs → K∗0γ and Λb → Λγ are expected
to be measured, while the purely leptonic decays Bd → µ+µ− and Bs → µ+µ− are not
expected to be visible at the SM level. Probably the most important decay studied in this
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Integrated Luminosity 2 fb−1
bb Cross Section 100µb
Number of bb Pairs Produced 2× 1011
Number of B+/B− Produced 1.4 × 1011
Est. B(B+ → K+µ+µ−) (4.0 ± 1.5) × 10−7
Number of Signal Events Produced 5.6× 104
Trigger Efficiency 80%
Selection Cut Efficiency 3.0%
Number of Background Events in Signal Box 560
Number of Signal Events 1680
Signal/Background 3
Table 7.9: Estimate of sensitivity to B+ → K+µ+µ− for an integrated luminosity
of 2 fb−1.
section for Run II is B → K∗ℓ+ℓ−. While this decay should be seen at 2 fb−1, precision
study (particularly of the zero in the forward-backward asymmetry) will require larger
integrated luminosity. The inclusive measurement b→ Xsℓ+ℓ− is most easily seen for large
dimuon mass (above the ψ(2S)), but in this region the theory breaks down, and so the
measurement is of limited interest. BTeV is currently studying the feasibility of building
up an inclusive measurement for lower dimuon invariant mass from exclusive measurements
involving a kaon and 0-4 pions.
7.4 Semileptonic Decays: Theory
7.4.1 Introduction
Semileptonic decays have long been used to determine elements of the CKM matrix. Ex-
amples are the determination of |Vud| from nuclear β−decay, |Vus| from Kl3 decays, and
|Vcb| from B → D(∗)ℓν¯ [86]. In every one of these three cases a flavor symmetry (isospin,
SU(3) flavor, and HQS, respectively) greatly simplifies the theoretical understanding of the
hadronic matrix element in question. In the symmetry limit, and at zero recoil, current con-
servation ensures that the matrix element is exactly normalized. While the deviations from
the symmetry limit may be difficult to calculate, they tend to be small. Hence, the overall
theoretical uncertainty on the decay process is under control. Given good experimental
measurements, the associated CKM element can be reliably determined.
For semileptonic decays of b flavored hadrons to light mesons flavor symmetries are
not sufficient to constrain the hadronic matrix elements. Ultimately, theoretical predictions
based on lattice QCD will allow for an accurate determination of |Vub| from measurements of
exclusive decays. Currently, the best determination of |Vub| comes from measurements of the
inclusive decay spectrum of b→ uℓν¯ [86]. However, the kinematic cuts which are necessary
to eliminate the huge charm background introduce additional theoretical difficulties, similar
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to those discussed in Section 7.1.2.2. As a result, theoretical uncertainties, which are not
well known, currently dominate the determination of |Vub| [86].
It is important that the Tevatron experiments fully explore their accessible range of
exclusive semileptonic B (and Bs) decays to light hadrons. While semileptonic B decays
will also be measured at the B factories, the hadronic environment has the advantage
that not only B meson decays but also Bs and Λb decays may be studied. In particular,
measurements of semileptonic Bs and Λb decays can provide additional information on the
parameters of the heavy quark and chiral expansions. For example, a measurement of the
decay Λb → Λcℓν¯, can test HQET predictions at O(1/mb,c). Measurements of Bs decays
provide tests of SU(3) symmetry violations.
Since inclusive semileptonic decays are notoriously difficult to study at hadron colliders,
we focus our discussion in this section on exclusive decays. In Section 7.4.2 we first review
the determination of |Vcb| from B → D(∗)ℓν¯ decays, and then discuss the decay Λb → Λcℓν¯.
Section 7.4.3 contains our discussion of semileptonic B decays to light hadrons.
7.4.2 Decays to Charm Flavored Final States
7.4.2.1 B → D(∗)ℓν¯
As discussed in Chapter 1, heavy quark symmetry allows all the form factors, which appear
in semileptonic B → D(∗) decay, to be related, at leading order in 1/mb,c, to a single
universal function, the Isgur-Wise function ξ(w). Corrections to these relations have been
calculated to O(1/m2b,c) and O(α2s). See, for example, Ref. [142].
We can write the differential decay rate as
dΓ(B → D∗ℓν¯)
dw
=
G2F |Vcb|2
48π3
(mB −mD∗)2m3D∗
√
w2 − 1(w + 1)2
×
(
1 +
4w
w + 1
m2B − 2wmBmD∗ +m2D∗
(mB −mD∗)2
)
F(w)2 (7.94)
where the corrections to the symmetry limit are included in the form factor F(w). At
zero recoil F(1) coincides with the Isgur-Wise function up to perturbative and O(1/m2b,c)
corrections, which can be parametrized as follows [144]:
F(1) = ηA
(
1 + δ1/m2
)
. (7.95)
ηA contains the perturbative QCD (and QED) corrections which have been calculated to
O(α2s) [143]. δ1/m2 contains the power corrections, which start at O(1/m2b,c) for this case.
The power corrections must be calculated from nonperturbative methods. They have have
been estimated from a number of different approaches, which include non-relativistic quark
models and QCD sum rules. Once the perturbative and nonperturbative corrections are
included, Ref. [144] gives the value
F(1) = 0.91 ± 0.04 , (7.96)
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where the error is dominated by the uncertainty in the nonperturbative corrections. The
uncertainty in Eq. (7.96) leads to a theoretical error on Vcb which is similar in size to the
current experimental error. Hence, a significant reduction of the uncertainty on Vcb will
require a more accurate theoretical calculation of F(1).
The B → D(∗)ℓν¯ transition has also been studied in lattice QCD calculations. The first
calculations concentrated on the slope of the Isgur Wise function [145]. At that point, the
errors on the form factors were too large to be competitive with the results shown above.
Since the experimental results have to be extrapolated to zero recoil, theoretical predictions
of the slope can help reduce the error associated with the extrapolation.
Ref. [146] introduces a new method based on ratios of matrix elements, which exploits
heavy quark flavor symmetry to calculate the form factors at zero recoil with high precision.
The ratios from which the form factors are obtained become exactly equal to unity in the
flavor symmetry limit, where all errors cancel. Away from the symmetry limit, the errors
are proportional to F(1) − 1 (instead of F(1)). As a result, as shown in Ref. [146], the
statistical and systematic errors on F(1) are small, 2 − 3%. The results are obtained in
the quenched approximation. Given a sufficient computational effort, the prospects for
improved theoretical predictions of F(1) are excellent.
The form factors in semileptonic Bs decay are related to those in B decay via SU(3).
The leading SU(3)-breaking chiral corrections to the Isgur-Wise function were calculated in
Ref. [85].
7.4.2.2 Λb → Λcℓν¯
Semileptonic Λb → Λc decays, which cannot be studied at the Υ(4S), not only provide an
alternate means to obtain |Vcb|, but more importantly provide a test of the heavy quark
expansion at subleading order.
The most general expressions for the matrix element of the vector and axial vector
currents between Λb and Λc states are
〈Λc(v′, s′)|c¯γµb|Λb(v, s) = u¯(v′, s′)
[
g1γ
µ + g2v
µ + g3v
′µ]u(v, s) (7.97)
〈Λc(v′, s′)|c¯γµγ5b|Λb(v, s) = u¯(v′, s′)
[
g1γ
µ + g2v
µ + g3v
′µ]u(v, s)
where the states have been labelled with their four-velocities instead of their momenta, and
the form factors Fi and Gi are functions of w ≡ v · v′. At leading order in 1/mc and αs all
six form factors are related to a universal form factor,
f1(w) = g1(w) = −f2(w) = −g2(w) = ξΛ(w)
f3(w) = g3(w) = 0 (7.98)
where ξΛ(1) = 1 +O(αs(mc)).
Because the light degrees of freedom in a ΛQ baryon are in a spin 0 state, the subleading
corrections to the heavy quark limit take a simpler form than for mesons [148]. In contrast
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with B → D(∗) decay, in which three new form functions and one constant (in addition to
the Isgur-Wise function) are required to specify the form factors at O(1/mb,c), the form
factors for Λb → Λc transitions are determined at O(1/mb,c) in terms of the Isgur-Wise
function and one additional parameter,
Λ¯Λ = mΛb −mb +O(1/m2b ) = mΛc −mc +O(1/m2c) ≃ 700MeV. (7.99)
Sincemb may be determined in a number of ways (such as Upsilon sum rules [150], moments
of spectra in inclusive B decays [151] and lattice calculations of the b¯b spectrum [152]),
precision measurements of the Λb → Λcℓν¯ form factors provide a stringent test of HQET at
subleading order.
Including corrections up to O(1/mb,c) in the heavy quark expansion, the form factors
(7.97) satisfy the relations [148]
f1(w) =
[
1 +
(
Λ¯Λ
2mc
+
Λ¯Λ
2mb
)]
ξΛ(w),
f2(w) = g2(w) = − Λ¯Λ
mc
(
1
1 + w
)
ξΛ(w),
f3(w) = −g3(w) = − Λ¯Λ
mb
(
1
1 + w
)
ξΛ(w),
g1(w) =
[
1−
(
Λ¯Λ
2mc
+
Λ¯Λ
2mb
)(
1− w
1 + w
)]
ξΛ(w). (7.100)
Thus, measuring the form factors in Λb → Λc decay provides a stringent test of the sub-
leading corrections to HQET. Complete differential distributions for these decays are given
in Ref. [149], including the effects of Λb polarization.
An important background to Λb → Λc semileptonic decay comes from Λb decays to
excited charmed hadrons, which then decay via emission of a soft photon or pion to a Λc.
At leading order in the heavy quark expansion this branching fraction would be predicted to
be small, since the light degrees of freedom in an excited baryon are orthogonal to those in
a Λb in the heavy quark limit, but, as discussed in Ref. [153], there are large O(ΛQCD/mc)
corrections to this statement (note that because Λ¯ for baryons is roughly twice that in
mesons, 1/mc effects are expected to be correspondingly larger in baryons). These authors
considered the HQET expansion for semileptonic Λb decays to the spin 1/2 Λc(2593) and its
spin symmetry partner the spin 3/2 Λc(2625). Using large Nc arguments to determine the
corresponding matrix elements, they estimated the branching fraction to these two states
to be
Γ(Λb → (Λ∗c(2593) + Λ∗c(2625))ℓν¯ℓ)
Γ(Λb → Xℓν¯ℓ) ∼ 25− 33%. (7.101)
Decays from excited baryons are therefore expected to provide a significant background to
semileptonic Λb → Λc decay.
To date, most of the lattice QCD calculations of beauty systems have concentrated on
the meson sector. Lattice QCD calculations of Λb → Λclν do not yet exist. However, it
should be straightforward to extend the lattice analysis of B → D(∗)lν decays described in
the previous section to the baryon decay Λb → Λclν.
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7.4.3 B → π(ρ)ℓν¯
The best determination of |Vub| comes at present from the measurements of the inclusive
decay spectrum of b→ uℓν¯ [86]. However, in order to reduce the huge charm background,
one has to impose kinematic cuts on the charged lepton energy, for example. Because such
cuts restrict the available final state phase space, they can introduce large nonperturbative
corrections in the OPE, or cause the OPE to break down entirely. Kinematic cuts in
different variables, such as the hadronic invariant mass [154] or the q2 spectrum [155], have
been proposed in order to reduce the theoretical uncertainties, which currently dominate
the errors on |Vub|. This work together with improved experimental measurements of the
inclusive b→ uℓν¯ decay at the B factories will lead to a better determination of |Vub|.
Here, we explore the potential of accurate determinations of |Vub| via exclusive decays. In
contrast to the cases discussed in the previous section, in the case of exclusive heavy hadron
decays to light hadrons flavor symmetries alone do not provide sufficient constraints on the
hadronic matrix elements (and form factors). Heavy quark spin and flavor symmetries and
SU(3) symmetry yield relations among the form factors for B → π(ρ)ℓν¯, D → π(ρ)ℓν¯,
D → K(∗)ℓν¯, B → K(∗)ℓ+ℓ−, B → K(∗)γ, and related Bs and Ds decays. The expected
corrections to these relations vary from a few to 20 %. This is discussed in more detail in
Section 7.1.3.3. If we want to get absolute predictions for the form factors, we must rely on
nonperturbative methods such as lattice QCD.
A number of improved lattice QCD calculations of the exclusive semileptonic decay
B → πℓν¯ have recently become available [27]. At present, the uncertainties in the lattice
QCD calculations are still large; the errors on the form factors are roughly 15 − 20% (see
Section 7.1.3.2). Reducing these theoretical errors will require a significant effort and the
commitment of sufficient computational resources to such calculations. Ultimately, lattice
QCD calculations will provide accurate predictions of the hadronic form factors in the high
recoil momentum region. In order to use these predictions for determinations of |Vub|, we
need experimental measurements of partial differential decay rates, with matching precision.
7.5 Semileptonic Decays: Experiment
7.5.1 Semileptonic Decays at CDF
7.5.1.1 Introduction
In this report, we describe CDF’s prospects for study of semileptonic decays. Specifically,
we focus on the decay of the Λb baryon which is not produced at the e
+e− B factories. The
primary interest is total and differential decay rates. These measurements are limited by
statistical uncertainties. Therefore, our studies have largely focussed on trigger strategies
to optimize event yields versus trigger bandwidth. We have considered the possibility of
measuring the differential decay rate (1/Γ)dΓ/dQ2. Semileptonic B decay events are also
useful as a control sample for study of tagging methods or as a backup sample for measuring
Bs-Bs flavor oscillations. However, except for a discussion of possible trigger selections, we
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leave discussion of these topics to other sections of the Workshop report.
The strategy for extracting semileptonic decay events is to take advantage of the high
purity of lepton triggers as well as the significant impact parameters of B decay daughters.
CDF’s three-level trigger system in Run II will provide the tools necessary to maintain the
trigger rate at a manageable level while maintaining a high efficiency for B-decay events.
Specifically, the eXtremely Fast Tracker (XFT) will offer a significant improvement for
the Run II trigger over the Run I trigger by providing tracking information in Level 1.
This capability enables a track to be matched to an electromagnetic calorimeter cluster for
improved electron identification or to be matched to a track segment in the muon system
for better muon identification as well as a track-only trigger. In Level 2 the Silicon Vertex
Tracker (SVT) will add SVX information to the XFT tracks and provide impact parameter
information and thus provide the possibility of a displaced-track trigger.
7.5.1.2 Physics Goals
The semileptonic decay of heavy baryons can be described by five form factors. However,
in Heavy Quark Effective Theory (HQET) these reduce to a single universal form factor in
next-to-leading order. This is to be contrasted to meson decays in which the form factors
reduce to a single form factor only at leading order. Measuring the differential decay rate
as a function of the momentum transfer Q2 in Λb decays can provide stringent tests of
HQET. Because Q2 is the mass of the lepton-neutrino pair, we must know the neutrino
momentum. With the possibility of using 3D vertex reconstruction in Run 2, we can find
the Λb direction and derive the neutrino momentum up to a quadratic ambiguity. This is
described in more detail in Section 7.5.1.6 where we describe the potential for measuring
the differential decay rate (1/Γ)dΓ/dQ2 in Λb → Λcℓν decays. In the Run I Λb lifetime
analysis, 197 ± 25 semileptonic Λb → Λclν, Λc → pKπ, were partially reconstructed [156].
We use the cuts and yield from that analysis to provide a basis for Run II yields.
Semileptonic decays may also provide a good sample for measuring Bs mixing for lower
values of xs. Using semileptonic decays provides a fall-back position if the yield is high and
the all-hadronic trigger can not collect enough data. Two possibilities exist for studying
Bs mixing through semileptonic decay channels. The lepton may be used to tag the event
and then one must fully reconstruct the away-side Bs, or Same-Side-Tagging, Jet-Charge
or Soft-Lepton tagging may be used to measure xs from the “first wiggle” in Bs → DsℓνX
decays. 360 events were reconstructed in Run I in the 8 GeV inclusive lepton trigger
data through the decay Bs → DsℓνX where Ds → φπ or KK∗0. Details of the expected
time resolution and xs reach are discussed in the report of Working Group 3. Because
the neutrino momentum is unknown, mixing measurement using semileptonic decays suffer
from poor resolution of the decay time. The all-hadronic decay Bs → Dsπ, where Ds → φπ
or KK∗0 and the Bs is fully reconstructed, offers the prospect for the greatest reach in
∆ms. Therefore, we have studied the prospect of a trigger on a tagging lepton and an
opposite-side displaced track which could come from a hadronic Bs decay.
Report of the B Physics at the Tevatron Workshop
308 CHAPTER 7. RARE AND SEMILEPTONIC DECAYS
7.5.1.3 Simulations
To study the efficiency of the possible trigger selections for the signals of interest, we use
a simple parametric Monte Carlo simulation to compare the Run II geometric and kine-
matic acceptance to that of published Run I physics analyses. We use the measured yields
for normalization. In our Monte Carlo studies, we generate single b quarks according to
next-to-leading-order QCD. The B hadrons that result after Peterson (ǫ = 0.006) [157] frag-
mentation smearing are forced to decay to modes of interest using the CLEO Monte Carlo
QQ [158]. To model detector performance, we apply Gaussian smearing to the generated
quantities in these Monte Carlo events.
We assume that the offline track-reconstruction and analysis-cut efficiencies will be the
same as in Run I. Since we determine our yields relative to Run I, we do not correct for
these effects. The part of the detector and the trigger that is substantially different from
Run I is the silicon detector (SVXII). We model the SVXII as 5 concentric cylinders at the
mean radii of the 5 layers. We account for the gaps between silicon sensors and assume that
there is an additional 2% hit inefficiency per layer.
In this study we want to compare the acceptance for decays in the reconstruction fiducial.
Therefore, we require all charged particles in a final state to have transverse momentum PT
exceeding 0.5GeV/c and to leave the COT drift chamber at its outside radius. Furthermore,
after accounting for geometry and expected hit efficiency, we require all tracks to have hits
in 4 of 5 SVX layers, and if a track is to be considered fiducial for the SVT, it must be of
PT > 2GeV/c and have hits in the 4 inner layers. We also require electrons and muons to
project to the fiducial regions of the central calorimeter and muon detectors, respectively.
We also model the trigger efficiencies with parameterizations.
Since the output of the trigger is dominated by backgrounds, it is not possible to deter-
mine trigger rates from pure Monte Carlo samples. Instead, we simulate the performance
of the Run II trigger system using data taking Run I using trigger thresholds significantly
lower than were used in normal operation and below the cuts we intend to apply in Run II.
We model the performance of the Run II trigger electronics using a version of the Run II
simulations modified for the Run I detector configurations. The instantaneous luminosities
of the test runs correspond to 0.4 to 1.4 ×1032 cm−2 s−1 with 36-bunch operation, allowing
us to model the change in trigger performance as a function of instantaneous luminosity.
We correct the results for the increased muon and silicon detector acceptances.
7.5.1.4 Selection Criteria
There are various event properties that can be examined in the Level 1 and Level 2 trigger
systems. Because the Level 1 bandwidth is large and there is substantial overlap with other
proposed trigger selections, we propose using only a single-lepton selection in Level 1 which
limits systematic effects. For Level 2, we want to take advantage of the decay properties of
b hadrons, especially the long lifetime. The SVT allows us to select displaced tracks. We
can also take advantage of b production and decay kinematics to select tracks associated
with the lepton in the Level 2 trigger. Our proposed trigger signature is a lepton with a
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Figure 7.23: Dependence of the trigger rate on the impact parameter cut on tracks
found by the SVT for the muon-trigger test data (top two curves) and the bb¯ →
ΛbX → Λcµν Monte Carlo (bottom two curves). The vertical scale is arbitrary.
The dashed line shows an impact parameter cut of 120 µm.
displaced track. Additional handles include the angle between the lepton and the displaced
track found by SVT ∆φ(ℓ, SV T ) and the transverse mass MT of the lepton track pair.
(M2T ≃ pT,1pT,2(1− cos∆φ)/c2) For tracks coming from the decay of a single B, we expect
the angle to be small and the two-particle mass to be less than the B mass.
Figure 7.23 shows the dependence of Level 2 trigger rate on the impact parameter cut
applied to tracks found by SVT in events with trigger muons for the test-run data and for
the Monte Carlo simulations of the benchmark channel the bb¯→ ΛbX → Λcµν,Λc → pKπ
mode. The trigger rate falls sharply with impact parameter up to about 120 µm. Above
150 µm, the decrease in trigger rate is approximately equal to that for the signal, indicating
a background of real semileptonic B-decay events. Therefore cutting on impact parameter
beyond 150 µm will not increase purity. For consistency with other CDF selections, we
expect to cut at 120 µm. Figure 7.24 shows the distributions of ∆φ versus transverse mass
for events in test run data in which a track has been found by the SVT simulation with
|d0| > 120µm. Requiring ∆φ < 90◦ and MT < 5GeV/c2 gives substantial background
reduction without loss of the semileptonic-decay signal. For the proposed trigger selection
with a 4GeV/c cut on lepton momentum, we expect a trigger cross section of 53± 8 nb for
muons and 90 ± 36 nb for electrons. At a luminosity of 1032 cm−2 s−1 (i.e. 100 µb−1s−1)
this corresponds to a rate of 14± 4Hz out of a total Level 2 trigger budget of 300Hz. Note
that this trigger rate is about a factor of 3 lower than would be achieved with an inclusive
8GeV lepton sample as was used in Run I.
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Figure 7.24: The distributions of ∆φ(µ, SV T ), and MT (µ, SV T ) for the test-
run data (bottom plot) and the bb¯ → Λb → Λcµν signal (top plot) after impact
parameter cut.
We have also considered the effectiveness of a trigger using a lepton and a displaced
track in order to extract a sample of B decays that can be fully reconstructed and have an
away-side lepton tag. Our benchmark process for this type of event is Bs → Dsπ,Ds →
φπ or KK∗0. As with the lepton and displaced track from the decay of a single B, the
effectiveness of a cut on the impact parameter does not improve beyond |d0| ≃ 150µm and
is independent of the muon PT . The ∆φ(µ, SV T ) and MT distributions for simulation of
the benchmark process are compared to the trigger background from the simulation on the
test data in Figure 7.25 after requiring |d0| > 120µm. The requirements ∆φ(µ, SV T ) > 90◦
and MT > 5GeV/c
2 reduce backgrounds with only a small reduction in the singal. For the
proposed trigger selection with a 4GeV/c cut on lepton momentum, we expect a trigger
cross section of 48 ± 8 nb for muons and 120 ± 40 nb for electrons. At a luminosity of
1032 cm−2 s−1 this corresponds to a rate of 16± 4Hz.
7.5.1.5 Signal Rate Expectations
To complete the study, we evaluate the various trigger criteria in terms of the expected
Run II event yield. Monte Carlo samples are generated for the semileptonic decays of
interest and passed through the trigger scenarios. The number of Run II events expected
is based on the ratio of the acceptance for the proposed Run II semileptonic triggers and
the Run I semileptonic trigger scaled by acceptance and efficiency ratios.
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Figure 7.25: Distributions of ∆φ(µ, SV T ), andMT (µ, SV T ) for the test-run data
(bottom plot) and the bb¯→ BsX → Dsπ signal (top plot).
The Run I acceptance AI is the acceptance for the Run I 8 GeV inclusive lepton trigger.
The Run II acceptance AII corresponds to the Run II trigger of interest. To account for the
Run I trigger efficiency, the Monte Carlo events were required to pass a trigger model based
on the Run I Level-2 inclusive lepton trigger efficiency [159] [160]. There are additional
factors which affect the number of events expected in Run II. The SVX acceptance will be
greater in Run II: A(SV XII) = 1.4×A(SV XI). In addition, we assume the total acceptance
gained by the central muon-system upgrade to be a factor of 1.4. The increase in the
instantaneous luminosity in Run II also increases the number of expected events, we assume
the ratio between Run I and Run II to be:
LII/LI = 2 fb−1/100 pb−1 = 20 . (7.102)
To normalize our sample with the Run I events sample, the same offline selection cuts
are applied. For Λb → Λcℓν decay the cuts are:
• PT (K,π, p) ≥ (0.7, 0.6, 1.5) GeV/c;
• 3.5 ≤ M(ℓΛc) ≤ 5.6 GeV/c2;
• PT (Λc) ≥ 5.0 GeV/c.
We also require the kaon, pion and proton to be within a cone of 0.8 in η-φ space. The
decay channel Bs → Dsπ has not been reconstructed so we only estimate the efficiency of
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the lepton + track trigger selection relative to the all-hadronic trigger [161]. This estimate
does not include the reduction in yield from “analysis” cuts.
The number of events expected in Run II NII with respect to the number of events
reconstructed in Run I NI for each decay channel is calculated using the following relation:
NII
NI
=
AII
AI
· LIILI · A(SV XII) . (7.103)
The expected yield for Λb → Λcℓν decays with the same-side 4GeV/c lepton plus displaced-
track selection described above is 25000 in 2 fb−1 of Run II. For Bs → Dsℓν decays, we
expect 33000 events.
The yield ofBs → Dsπ decay events from the opposite-side 4GeV lepton trigger selection
described above is 106 events in 2 fb−1 without correction for reconstruction and analysis
cut efficiencies. This number can be directly compared to the yield of 10600 expected under
the same assumptions from required two displaced tracks with PT > 2GeV/c as described
in Proposal P-909 [161]. Although tagging dilutions and efficiencies are outside the scope
of this section, it is clear that including the tagging lepton as the primary trigger element
is an inferior procedure to a trigger on particles of the signal decay.
7.5.1.6 Q2 Spectrum
As discussed in Section 2, semileptonic decays of B baryons present the possibility of measur-
ing the momentum transfer Q2 in Λb decays. To study the feasibility of such a measurement,
we generate Λb → Λcℓν decays. For Λb → ΛcℓX, where X is not observed, we can describe
the kinematics using the following energy and momentum conservation rules:
EΛb = EℓΛc + EX ;
pX = |pX |2 = |pΛb − pℓΛc |2 = p2Λb + p2ℓΛc − 2pΛbpℓΛc cos θ . (7.104)
This method is described in more detail in [162]. In our toy Monte Carlo sample, we
use PΛb , PΛc , and Pℓ and 3D-vertex and kinematic constraints to reconstruct Pν . The
Q2 distributions from the Monte Carlo event generator, after kinematic cuts, and after
detector smearing as well as the reconstructed Q2 distribution are shown in Figure 7.26.
The resolution of the Q2 reconstruction is shown in Figure 7.27 (top plot). The ratio of the
generated Q2 distribution to the physical solution gives the reconstruction efficiency and is
shown in Figure 7.27.
As a check of our the ability to measure the Q2 distribution in Run II, we perform a
simple Monte Carlo experiment. We generate two independent samples of Λb → Λcℓν. One
sample is used to make a generator level Q2 distribution. The other sample is normalized
to the expected Run II yield. Kinematic and resolution smearing were applied to the
normalized sample. The Q2 distribution is calculated after correcting for the reconstruction
efficiency. The generated and reconstructed distribution is shown in Figure 7.28. This
shows that given the number of expected events in Run II we can reasonably expect to
reconstruct theQ2 distribution. However, there are higher-order Λb decays which complicate
the reconstruction.
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Figure 7.26: Monte Carlo simulation of the Q2 distribution. The generated distri-
bution is shown in the top left. The distribution after the kinematic cuts is in the
top right. The distribution after the detector resolution has been applied is shown in
the lower right. The distribution using the kinematic constraints and 3D-vertexing
is shown in the lower right.
Figure 7.27: The resolution of the reconstructed Q2 distribution is shown in the
top plot. The reconstruction efficiency is shown in the bottom plot.
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Figure 7.28: Q2 distribution for generator level and reconstructed after correcting
for efficiency.
Higher-order Contamination
The branching ratio for semileptonic Λb decays to higher-order baryons may not be not
negligible and can contaminate the decay channel of interest. We investigate the kinematic
properties of these higher-order decays to determine a method to reject these events effi-
ciently. Presumably the dominant source of contamination is decays with a Λc and two
pions. The possible states are:
Λb → [Σcπ+]I=0ℓν¯ℓ
⌊→ Λ+c π−
⌊→ pK−π+
(7.105)
Λb → [Σ++c π−]I=0ℓν¯ℓ
⌊→ Λ+c π+
⌊→ pK−π+
(7.106)
Λb → Λ+c π+π−ℓν¯ℓ
⌊→ pK−π+ (7.107)
Λb → [Σ+c π0]I=0ℓν¯ℓ
⌊→ Λ+c π0
⌊→ pK−π+
(7.108)
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Figure 7.29: Distribution of the maximum PT of π’s from higher order decays.
The Λb channels (7.105)–(7.107) contain charged pions and can potentially be identified
while channel (7.108) will be impossible to see. However, if we can identify events from mode
(7.107) we can use them with proper normalization subtract the effect of mode (7.108).
To study rejection methods, we generate a sample of the decays which have additional
charged pions and apply trigger requirements and the offline cuts detailed in Section 7.5.1.5.
In addition, we require that the pions from higher order decays be within a cone in η-φ of
0.8 centered on the Λc direction. The PT distribution of these charged pions from higher-
order decays is shown in Figure 7.29. Estimating that the minimum PT which will be
reconstructed is 0.3 GeV/c, then approximately 75% of the charged higher order pions will
be reconstructed.
In addition to the extra decay pions, we also study tracks coming from primary inter-
action which might be confused with Λb-daughter tracks and cause too many events to be
rejected. To model these tracks we generate a Monte Carlo sample using PYTHIA tuned to
reflect prompt particle distributions in CDF B events [163]. For events that pass the same
trigger and offline requirements as in the trigger study, we compare the impact parameter of
the three categories of tracks: Λc-daughter tracks, charged pions from higher-order decays
and tracks from the primary vertex. The impact-parameter significance (d/σd) with respect
to the primary vertex and to the Λb-decay vertex for the three categories of tracks is shown
in Figure 7.30. If we reject events with an additional track associated with the Λc-lepton
vertex The requirement that the impact parameter significance (dΛb0 /σ
Λb
d0
< 2), random as-
sociations with primary tracks would cause about 10% of the good (Λb → Λc, ℓ, ν) events to
be eliminated, but would tag almost 100% of the higher order decays. Thus a small fraction
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Figure 7.30: Comparison of impact parameter significance of all 3 categories of
tracks (protons, kaons and pions) from Λc (top plot), higher order pions (middle
plot), and tracks from primary vertex (bottom plot)) with respect to Λb vertex and
the Primary Vertex. All tracks must be within a cone of ∆R < 0.8 with PT > 0.3
GeV/c.
of the time real Λb → Λc, ℓ, ν events will be thrown out but the remaining events will be
a relatively pure sample free of higher order Λb decays. This coupled with demonstrated
ability to calculate the missing neutrino momentum leaves us optimistic about measuring
Q2 in Run II.
7.5.1.7 Summary
We have shown that a lepton + displaced track trigger can produce substantial samples of
semileptonic b hadron decays for study and fits well within CDF’s overall trigger budget
for Run II. We expect ∼ 25000 Λb decays in 2 fb−1. We have shown that a measurement
Q2 decay in Λb decay using the impact parameter information to reject tracks from higher
order decays and the primary vertex is feasible. We recognize that fact that further studies
are needed to solidify this claim.
7.5.2 Estimating the BTeV Potential for Semileptonic Decays
Using techniques developed for fixed-target charm experiments (including E691 [164], E687
[165], and E791 [166,167]) we demonstrate that BTeV has the necessary capability to extract
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information from semileptonic decays. Given the large number of b-hadrons reconstructed
by BTeV, the semileptonic reach will be extraordinary.
7.5.2.1 Signal and Background
The signal and background were generated using the MCFast Monte Carlo program. A full
description of this program can be found elsewhere [168,169]. MCFast is designed to be a
fast and accurate detector simulation with speed and flexibility achieved through param-
eterization. The MCFast tracing includes the effect of magnetic fields, multiple Coulomb
scattering, bremsstrahlung, dE/dx, decays in flight, pair conversions and secondary hadronic
interactions. The simulation assumed a luminosity of 2×1032 cm−2s−1 and included multiple
interactions per event. The muon identification code used in this analysis starts by making
an acceptance cut. Potential muon tracks must have momentum greater than 5 GeV/c. All
tracks are projected through the three muon stations using the track parameters determined
from the Kalman filter. If the projection misses any of the stations the track is thrown out.
If the track is associated with a muon particle it is identified as a muon. If the track is not a
muon then a misidentification probability is determined and a random number is generated
to determine if the particle is misidentified as a muon.
The misidentification probability decreases as the momentum increases and decreases as
the radius increases. The misidentification rate varies from 7% for 5GeV/c tracks near the
beam to 0.2% for 50GeV/c tracks at the outer edge of the muon system. The misidentifica-
tion rate (away from the central region) is loosely based on the measured misidentification
rate from the FOCUS experiment. FOCUS is a fixed-target charm experiment which used
a ∼180 GeV photon beam at a rate of approximately 10MHz. BTeV and FOCUS have
similar muon rates and momenta. The BTeV detector has two advantages over the FOCUS
muon system. The BTeV detector has much finer granularity and the shielding is magne-
tized which, by allowing a momentum measurement, provides another handle to distinguish
real muons from fakes.
The signal modes analyzed were B0 → D∗−(D0(K+π−,K+π−π−π+)π−)µ+ν and Λ0b →
Λ−c (pK
−π+)µ+ν. In each case, ∼120,000 events were simulated. Three sources of back-
ground were simulated: minimum bias events, charm events, and generic b events (without
the signal mode). The cross sections for minimum bias, charm, and b events obtained from
Pythia [170] are shown in Table 7.10 along with the predicted numbers of events from one
year (107 s) of running at a luminosity of 2×1032 cm−2s−1.
Clearly it is impossible to simulate 1014 events given the current state of computing;
simulating more than 108 events is prohibitive. Therefore we try to estimate the back-
ground based on a simulation of 4.2 million minimum bias events, 4.8 million cc¯ events,
and 1.5 million bb¯ events. Given the large number of produced b-hadrons we can certainly
make stringent cuts and still retain a large sample of events. Unfortunately, using these
stringent cuts eliminates nearly all of our (limited) background which makes it difficult to
determine the significance or signal-to-noise ratio of the signal. Since the signals analyzed
require detached vertices, reconstructed charm particles, and muons, we assume that the
background will be dominated by c and b events, not minimum bias events. Therefore, we
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Species Quark cross Hadron Branching Total produced
section (mb) fraction Ratio for 2 fb−1
Min bias 75 100% 100% 1.5× 1014
Charm 0.75 100% 100% 1.5× 1012
generic b 0.10 100% 100% 2.0× 1011
B0→D∗µν 0.10 75% 0.35% 5.3× 108
Λb→Λcµν 0.10 10% 0.20% 4.0× 107
Table 7.10: Production cross sections and expected generation rates for signal
and background. Cross sections for bb¯ production are estimated from D0 data.
The minimum bias cross section is taken to be the pp¯ total cross section at 2 TeV.
The charm cross section is assumed to be 1% of the minimum bias cross section.
Branching ratios are from Ref. [171] except Λb → Λcµν which is estimated at 4%.
can safely tighten our cuts enough to eliminate all of the minimum bias events which were
simulated.
Using these cuts keeps 4 (1) cc¯ and 26 (13) bb¯ events for the B0→D∗(D0(Kπ,K3π)π)µν
(Λb → Λc(pKπ)µν) decay mode. Figure 7.31 shows the result of scaling the signal and
background events to an integrated luminosity of 2 fb−1 and distributing the background
events evenly through the mass plot. The yield, significance, signal-to-background, and
efficiency is tabulated in Table 7.11. These results include a conservative trigger efficiency
(50%) which is what is expected from the detached vertex trigger. A detached muon trigger
is also planned which will increase the trigger efficiency.
Decay mode Efficiency Yield S/
√
S +B S/B
B0 → D∗(D0(Kπ,K3π)π)µν 0.44% 2,300,000 1,430 21
Λb → Λc(pKπ)µν 0.31% 120,000 210 1.0
Table 7.11: Efficiency, expected yields, signal-to-background, and significance for
an integrated luminosity of 2 fb−1. Efficiency includes acceptance, trigger efficiency,
reconstruction efficiency and cut efficiency. Significance and signal-to-background
are calculated by integrating over a ±2σ region around the mass peak.
7.5.2.2 Semileptonic Reach
To determine the form factors associated with a particular semileptonic decay we would
like to have all the kinematic information associated with the decay chain. The most
important quantity is q2 which is the square of the virtual W mass; i.e. the invariant
mass of the lepton and neutrino. Reconstructing the momentum vector is not a trivial
exercise, however. The technique used to reconstruct the neutrino momentum, pioneered
by E691 and used by E687 and E791 among others [164–167], is particularly suited to BTeV
as it requires good vertex resolution compared to the vertex separation. The production
and decay vertex of the b-hadron gives the b-hadron momentum vector direction. The
neutrino momentum perpendicular to the b-hadron momentum vector is easily measured
Report of the B Physics at the Tevatron Workshop
7.5. SEMILEPTONIC DECAYS: EXPERIMENT 319
(a)  D*−D0 Mass diff  (B0→D*µν)
0
200
400
600
800
1000
1200
x 10 3
0.14 0.16 0.18 0.2
 0.5212E+05/   115
P1  0.2322E+07
P2  0.1454
P3  0.4895E-03
P4  0.4548E+05
P5 -0.5138E+05
GeV/c2
Signal
b background
c background
(b)  pKpi Inv mass (Λb→Λcµν)
0
5000
10000
15000
20000
25000
30000
35000
40000
45000
50000
2.25 2.275 2.3 2.325
  994.1    /    70
P1  0.1237E+06
P2   2.286
P3  0.4618E-02
P4  0.1378E+05
P5   1145.
GeV/c2
Signal
b background
c background
Figure 7.31: (a) D∗ − D0 Mass difference distribution for B0 →
D∗(D0(Kπ,K3π)π)µν signal events and bb¯ and cc¯ background events. (b) pKπ
invariant mass distribution for Λb → Λc(pKπ)µν signal events and bb¯ and cc¯ back-
ground events. In both plots, the background events have been spread evenly
through the mass range.
because it must balance all of the other decay products. The neutrino momentum parallel
to the b-hadron momentum can be determined (up to a quadratic ambiguity) by assuming
the invariant mass of the b-hadron. We pick the low momentum solution for the parallel
component of the neutrino momentum as Monte Carlo studies indicate this is correct more
often.
The most recent published results using this method come from E791 [167]. Using a
500GeV/c π− beam, they reconstruct over 6,000 D+→K∗0ℓν decays. From this sample
they obtain form factor measurements of rV = V (0)/A1(0) = 1.87 ± 0.08 ± 0.07 and r2 =
A2(0)/A1(0) = 0.73 ± 0.06 ± 0.08. From the 3,000 muon decays, they also measure r3 =
A3(0)/A1(0) = 0.04 ± 0.33 ± 0.29. Defining the q2 resolution as the RMS of the generated
q2 minus the reconstructed q2 divided by q2max, E791 had a q
2 resolution of 0.17. From
the MCFast simulation with the standard selection criteria and reconstructing the neutrino
momentum as described above, BTeV has a q2 resolution of approximately 0.14 as shown
in Fig. 7.32. With 6,000 events, the E791 results give smaller errors than most lattice QCD
calculations. With a similar q2 resolution and 100 times more data, BTeV will also be
able to challenge theoretical predictions or provide values which can be input into other
calculations.
One additional difficulty in extracting information from these semileptonic decays comes
from b semileptonic decays into charm excited states which decay into the state being
investigated. For example, in the decay Λ0b→Σ+c µν, the Σ+c can decay to Λ+c π0. Assuming
the π0 is lost, this event will be reconstructed as a signal Λ0b→Λ+c µν event and the neutrino
reconstruction (which assumes the invariant mass of the Λ+c µν is equal to the Λ
0
b) will be
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Figure 7.32: q2/q2max resolution for (a) B
0 → D∗(D0(Knπ)π)µν and (b) Λb →
Λc(pKπ)µν.
inaccurate. The q2 resolution for these events is shown in Fig. 7.33a. Assuming an equal
mixture of Λb→Λc and Λb→Σc decays gives the q2 resolution shown in Fig. 7.33b. This
shows a resolution only slightly degraded (0.14 to 0.15) but with a bias equal to 1/3 of the
RMS. BTeV has excellent π0 reconstruction capabilities [169] which should make it possible
to measure the relative branching ratios and correct for this bias.
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Figure 7.33: q2/q2max resolution for (a) Λb → Λc(pKπ)µν where the Λc comes
from a Σc and (b) Λb → Λc(pKπ)µν where half of the Λc’s come from Σc’s and half
come directly from Λb’s.
Since BTeV has a very efficient vertex trigger at Level 1, the semielectronic decays can
also be studied. Even though the acceptance of the ECAL is much smaller than that of
the muon detectors we expect significant numbers of reconstructed decays in the electronic
modes which can be used for systematic studies as well as just increasing the statistics.
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7.5.2.3 Summary
This study only provides a cursory look at some of the semileptonic physics available with
BTeV. There are many other semileptonic decay modes of b-hadrons which are well within
the grasp of BTeV. These decay modes include B→ρℓν to determine Vub and Bs semilep-
tonic decay modes to check SU(3). In addition, BTeV will have many semileptonic charm
decays available for study.
7.6 Summary of Semileptonic Decays
The study of exclusive semileptonic decays complements the studies on CP violation and
mixing discussed in Chapters 6 and 8, since semileptonic decays can, in principle, provide
determinations of CKM elements such as |Vub| and |Vcb|.
For any useful comparison between theory and experiment, we need experimental mea-
surements of q2 (and other) distributions. This is a challenging task especially in a hadron
collider environment, because it requires the reconstruction of the neutrino momentum.
Studies at both, CDF and BTeV, have established the feasibility of neutrino momentum
reconstruction and subsequent measurement of q2 distributions with good resolution.
The decay Λb → Λcℓν¯ is of particular interest. It can only be be studied at hadron
colliders and provides information on the parameters of the heavy quark expansion at sub-
leading order.
Tevatron experiments should explore the full range of semileptonic decays, including
B and Bs meson decays to light hadrons. It is important to have measurements of many
different semileptonic heavy-to-light decays, with as high an accuracy as possible, for two
reasons. First, these measurements can provide tests of heavy flavor and SU(3) symmetry
relations. Second, we should expect significant improvements in theoretical predictions of
exclusive heavy-to-light form factors, based for example, on lattice QCD, in the time frame
for Run II, and certainly by the time BTeV comes on line. These measurements will help to
establish the reliability of lattice QCD calculations, and of the corresponding determinations
of CKM elements, such as |Vub|, from them.
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Chapter 8
Mixing and Lifetimes
K. Anikeev, F. Azfar, N. Cason, H.W.K. Cheung, A. Dighe, I. Furic, G. Gutierrez,
J. Hewett, R. Jesik, M. Jones, P. Kasper, J. Kroll, V.E. Kuznetsov, R. Kutschke,
G. Majumder, M. Martin, U. Nierste, Ch. Paus, S. Rakitin, S. Stone, M. Tanaka,
W. Taylor, J. Tseng, M. Voloshin, J. Wang, N. Xuan
8.1 Overview
In hadron colliders b-flavored hadrons are produced with a large boost. Therefore they are a
fertile ground for measurements of decay time distributions. The neutral B0d and B
0
s mesons
mix with their antiparticles, which leads to oscillations between the flavor eigenstates. A
measurement of the oscillation frequency allows to determine the mass difference ∆mq,
q = d, s, between the two physical mass eigenstates. The rapid oscillations in B0s −B0s
mixing have not been resolved yet and their discovery has a high priority for the B physics
program at Run II. Once this has been achieved, the mass difference ∆ms will be known very
precisely. By combining this information with the already measured ∆md one will precisely
determine the length of one side of the unitarity triangle.∆md/∆ms will have a larger
impact on our knowledge of the unitarity triangle than any previously measured quantity
and even than a precisely measured sin(2β). Accurately measured decay distributions will
further reveal the pattern of b-hadron lifetimes. The large mass of the b quark compared
to the QCD scale parameter ΛQCD allows to expand the widths in terms of ΛQCD/mb.
Differences among the total widths are dominated by terms of order 16π2(ΛQCD/mb)
3, the
measurements of lifetime differences therefore probe the heavy quark expansion at the third
order in the expansion parameter. From Run II we expect valuable new information on the
lifetimes of the B+, B0d and B
0
s mesons, the width difference ∆Γs between the two physical
Bs meson eigenstates the lifetimes of the Λb and eventually also of other b-flavored baryons.
From the current experimental situation it is not clear whether the heavy quark expansion
can be applied to baryon lifetimes, and Run II data will help to settle this question.
This chapter first discusses the theory predictions for the various quantities in great de-
tail. Where possible, we derive simple ‘pocket-calculator’ formulae to facilitate the analysis
of the measurements. It is described which fundamental information can be gained from the
various measurements. Some quantities are sensitive to physics beyond the Standard Model
and we show how they are affected by new physics. Then we summarize the experimental
techniques and present the results of the Monte Carlo simulations.
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8.2 Theory of heavy hadron lifetimes †
The dominant weak decays of hadrons containing a heavy quark, c or b, are caused by the
decay of the heavy quark. In the limit of a very large mass mQ of a heavy quark Q the
parton picture of the hadron decay should set in, where the inclusive decay rates of hadrons,
containing Q, mesons (Qq¯) and baryons (Qqq), are all the same and equal to the inclusive
decay rate Γparton(Q) of the heavy quark. Yet, the known inclusive decay rates [1] are
conspicuously different for different hadrons, especially for charmed hadrons, whose lifetimes
span a range of more than one order of magnitude from the shortest τ(Ωc) = 0.064± 0.020
ps to the longest τ(D+) = 1.057±0.015 ps, while the differences of lifetime among b hadrons
are substantially smaller. The relation between the relative lifetime differences for charmed
and b hadrons reflects the fact that the dependence of the inclusive decay rates on the light
quark-gluon ‘environment’ in a particular hadron is a pre-asymptotic effect in the parameter
mQ, which effect vanishes as an inverse power of mQ at large mass.
A theoretical framework for systematic description of the leading at mQ → ∞ term in
the inclusive decay rate Γparton(Q) ∝ m5Q as well as of the terms relatively suppressed by
inverse powers of mQ is provided [2–4] by the operator product expansion (OPE) in m
−1
Q .
Existing theoretical predictions for inclusive weak decay rates are in a reasonable agreement,
within the expected range of uncertainty, with the data on lifetimes of charmed particles and
with the so far available data on decays of B mesons. The only outstanding piece of present
experimental data is on the lifetime of the Λb baryon: τ(Λb)/τ(Bd) ≈ 0.8, for which ratio a
theoretical prediction, given all the uncertainty involved, is unlikely to produce a number
lower than 0.9. The number of available predictions for inclusive decay rates of charmed
and b hadrons is sufficiently large for future experimental studies to firmly establish the
validity status of the OPE based theory of heavy hadron decays, and, in particular, to find
out whether the present contradiction between the theory and the data on τ(Λb)/τ(Bd) is
a temporary difficulty, or an evidence of fundamental flaws in theoretical understanding.
It is a matter of common knowledge that application of OPE to decays of charmed
and b hadrons has potentially two caveats. One is that the OPE is used in the Minkowski
kinematical domain, and therefore relies on the assumption of quark-hadron duality at
the energies involved in the corresponding decays. In other words, it is assumed that
sufficiently many exclusive hadronic channels contribute to the inclusive rate, so that the
accidentals of the low-energy resonance structure do not affect the total rates of the inclusive
processes. Theoretical attempts at understanding the onset of the quark-hadron duality are
so far limited to model estimates [5,6], not yet suitable for direct quantitative evaluation
of possible deviation from duality in charm and b decays. This point presents the most
fundamental uncertainty of the OPE based approach, and presently can only be clarified by
confronting theoretical predictions with experimental data. The second possible caveat in
applying the OPE technique to inclusive charm decays is that the mass of the charm quark,
mc, may be insufficiently large for significant suppression of higher terms of the expansion
in m−1c . The relative lightness of the charm quark, however, accounts for a qualitative, and
even semi-quantitative, agreement of the OPE based predictions with the observed large
†Author: Mikhail Voloshin
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spread of the lifetimes of charmed hadrons: the nonperturbative effects, formally suppressed
by m−2c and m
−3
c are comparable with the ‘leading’ parton term and describe the hierarchy
of the lifetimes.
Another uncertainty of a technical nature arises from poor knowledge of matrix elements
of certain quark operators over hadron, arising as terms in OPE. These can be estimated
within theoretical models, with inevitable ensuing model dependence, or, where possible,
extracted from the experimental data. With these reservations spelled out, we discuss here
the OPE based description of inclusive weak decays of charm and b hadrons, with emphasis
on specific experimentally testable predictions, and on the measurements, which would less
rely on model dependence of the estimates of the matrix elements, thus allowing to probe
the OPE predictions at a fundamental level.
8.2.1 OPE for inclusive weak decay rates
The optical theorem of the scattering theory relates the total decay rate ΓH of a hadron HQ
containing a heavy quark Q to the imaginary part of the ‘forward scattering amplitude’. For
the case of weak decays the latter amplitude is described by the following effective operator
Leff = 2 Im
[
i
∫
d4x eiqx T {LW (x), LW (0)}
]
, (8.1)
in terms of which the total decay rate is given by1
ΓH = 〈HQ|Leff |HQ〉 . (8.2)
The correlator in equation (8.1) in general is a non-local operator. However at q2 = m2Q the
dominating space-time intervals in the integral are of order m−1Q and one can expand the
correlator in x, thus producing an expansion in inverse powers of mQ. The leading term in
this expansion describes the parton decay rate of the quark. For instance, the term in the
nonleptonic weak Lagrangian
√
2GF V (q1LγµQL)(q2Lγµ q3L) with V being the appropriate
combination of the CKM mixing factors, generates through Eq. (8.1) the leading term in
the effective Lagrangian
L
(0)
eff, nl = |V |2
G2F m
5
Q
64π3
ηnl
(
QQ
)
, (8.3)
where ηnl is the perturbative QCD radiative correction factor. This expression reproduces
the well known formula for the inclusive nonleptonic decay rate of a heavy quark, as-
sociated with the underlying process Q → q1 q2 q3, due to the relation 〈HQ|QQ|HQ〉 ≈
〈HQ|Q†Q|HQ〉 = 1, which is valid up to corrections of order m−2Q . One also sees form this
example, that in order to separate individual semi-inclusive decay channels, e.g., nonlep-
tonic with specific flavor quantum numbers, or semileptonic, one should simply pick up the
corresponding relevant part of the weak Lagrangian LW , describing the underlying process,
to include in the correlator (8.1).
1We use here the non-relativistic normalization for the heavy quark states: 〈Q|Q†Q|Q〉 = 1.
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Figure 8.1: Graphs for three first terms in OPE for inclusive decay rates: the
parton term, the chromomagnetic interaction, and the four-quark term.
The general expression for first three terms in the OPE for Leff has the form
Leff = L
(0)
eff + L
(2)
eff + L
(3)
eff (8.4)
= c(0)
G2F m
5
Q
64π3
(
QQ
)
+ c(2)
G2F m
3
Q
64π3
(
QσµνGµν Q
)
+
G2F m
2
Q
4π
∑
i
c
(3)
i (qiΓiqi)(QΓ
′
iQ) ,
where the superscripts denote the power of m−1Q in the relative suppression of the corre-
sponding term in the expansion with respect to the leading one, Gµν is the gluon field
tensor, qi stand for light quarks, u, d, s, and, finally, Γi, Γ
′
i denote spin and color structures
of the four-quark operators. The coefficients c(a) depend on the specific part of the weak
interaction Lagrangian LW , describing the relevant underlying quark process.
One can notice the absence in the expansion (8.5) of a term suppressed by just one
power of m−1Q , due to non-existence of operators of suitable dimension. Thus the decay
rates receive no correction of relative order m−1Q in the limit of large mQ, and the first
pre-asymptotic corrections appear only in the order m−2Q .
The mechanisms giving rise to the three discussed terms in OPE are shown in Fig-
ure 8.1. The first, leading term corresponds to the parton decay, and does not depend
on the light quark and gluon ‘environment’ of the heavy quark in a hadron. The second
term describes the effect on the decay rate of the gluon field that a heavy quark ‘sees’ in a
hadron. This term in fact is sensitive only to the chromomagnetic part of the gluon field,
and contains the operator of the interaction of heavy quark chromomagnetic moment with
the chromomagnetic field. Thus this term depends on the spin of the heavy quark, but does
not depend on the flavors of the light quarks or antiquarks. Therefore this effect does not
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split the inclusive decay rates within flavor SU(3) multiplets of heavy hadrons, but gener-
ally gives difference of the rates, say, between mesons and baryons. The dependence on the
light quark flavor arises from the third term in the expansion (8.5) which explicitly contains
light quark fields. Historically, this part is interpreted in terms of two mechanisms [2,8,9]:
the weak scattering (WS) and the Pauli interference (PI). The WS corresponds to a cross-
channel of the underlying decay, generically Q → q1 q2 q3, where either the quark q3 is a
spectator in a baryon and can undergo a weak scattering off the heavy quark: q3Q→ q1 q2,
or an antiquark in meson, say q1, weak-scatters (annihilates) in the process q1Q → q2 q3.
The Pauli interference effect arises when one of the final (anti)quarks in the decay of Q
is identical to the spectator (anti)quark in the hadron, so that an interference of identical
particles should be taken into account. The latter interference can be either constructive or
destructive, depending on the relative spin-color arrangement of the (anti)quark produced
in the decay and of the spectator one, thus the sign of the PI effect is found only as a result
of specific dynamical calculation. In specific calculations, however, WS and PI arise from
the same terms in OPE, depending on the hadron discussed, and technically there is no
need to resort to the traditional terminology of WS and PI.
In what follows we discuss separately the effects of the three terms in the expansion
(8.5) and their interpretation within the existing and future data.
8.2.2 The parton decay rate
The leading term in the OPE amounts to the perturbative expression for the decay rate of
a heavy quark. In b hadrons the contribution of the subsequent terms in OPE is at the level
of few percent, so that the perturbative part can be confronted with the data in its own
right. In particular, for the Bd meson the higher terms in OPE contribute only about 1%
of the total nonleptonic as well as of the semileptonic decay rate. Thus the data on these
rates can be directly compared with the leading perturbative term in OPE.
The principal theoretical topic, associated with this term is the calculation of QCD
radiative corrections, i.e. of the factor ηnl in Eq. (8.3) and of a similar factor, ηnl, for
semileptonic decays. It should be noted, that even at this, perturbative, level there is a
known long-standing problem between the existing data and the theory in that the current
world average for the semileptonic branching ratio for theB mesons, Bsl(B) = 10.45±0.21%,
is somewhat lower than the value Bsl(B) ≥ 11.5 preferred from the present knowledge of
theoretical QCD radiative corrections to the ratio of nonleptonic to semileptonic decay rates
(see, e.g., [10]). However, this apparent discrepancy may in fact be due to insufficient ‘depth’
of perturbative QCD calculation of the ratio ηnl/ηsl. In order to briefly elaborate on this
point, we notice that the standard way of analyzing the perturbative radiative corrections in
the nonleptonic decays is through the renormalization group (RG) summation of the leading
log terms and the first next-to-leading terms [11,12] in the parameter L ≡ ln(mW /mb). For
the semileptonic decays the logarithmic dependence onmW/mb is absent in all orders due to
the weak current conservation at momenta larger than mb, thus the correction is calculated
by the standard perturbative technique, and a complete expression in the first order in
αs is available both for the total rate [13,14] and for the lepton spectrum [15]. In reality
however the parameter L ≈ 2.8 is not large, and non-logarithmic terms may well compete
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with the logarithmic ones. This behavior is already seen from the known expression for the
logarithmic terms: when expanded up to the order α2s the result of Ref. [16] for the rate of
decays with single final charmed quark takes the form
Γ(b→ cu¯d) + Γ(b→ cu¯s)
3Γ(b→ ceν¯) = 1 +
αs
π
+
α2s
π2
[
4L2 +
(
7
6
+
2
3
c(m2c/m
2
b)
)
L
]
, (8.5)
where, in terms of notation of Ref. [16], c(a) = c22(a)−c12(a). The behavior of the function
c(a) is known explicitly [16] and is quite weak: c(0) = 19/2, c(1) = 6, and c(m2c/m
2
b) ≈ 9.0
for the realistic mass ratiomc/mb ≈ 0.3. One can see that the term with the single logarithm
L contributes about two thirds of that with L2 in the term quadratic in αs. Under such
circumstances the RG summation of the terms with powers of L does not look satisfactory
for numerical estimates of the QCD effects, at least at the so far considered level of the first
next-to-leading order terms, and the next-to-next-to-leading terms can be equally important
as the two known ones, which would eliminate the existing impasse between the theory and
the data on Bsl(B). One can present some arguments [17] that this is indeed the case for
the b quark decay, although a complete calculation of these corrections is still unavailable.
8.2.3 Chromomagnetic and time dilation effects in decay rates
The corrections suppressed by two powers of m−1Q to inclusive decay rates arise from two
sources [7]: the O(m−2Q ) corrections to the matrix element of the leading operator, (QQ, and
the second term in OPE (8.5) containing the chromomagnetic interaction. The expression
for the matrix element of the leading operator with the correction included is written in the
form
〈HQ|QQ|HQ〉 = 1−
µ2π(HQ)− µ2g(HQ)
2m2Q
+ . . . , (8.6)
where µ2π and µ
2
g are defined as
µ2π = 〈HQ|Q (i ~D)2Q|HQ〉 ,
µ2g = 〈HQ|Q
1
2
σµνGµνQ|HQ〉 , (8.7)
with D being the QCD covariant derivative. The correction in equation (8.6) in fact corre-
sponds to the time dilation factor mQ/EQ, for the heavy quark decaying inside a hadron,
where it has energy EQ, which energy is contributed by the kinetic part (∝ µ2π) and the
chromomagnetic part (∝ µ2g). The second term in OPE describes the effect of the chromo-
magnetic interaction in the decay process, and is also expressed through µ2g.
The explicit formulas for the decay rates, including the effects up to the order m−2Q are
found in [7] and for decays of the b hadrons read as follows. For the semileptonic decay rate
Γsl(Hb) =
|Vcb|2G2F m5b
192π3
〈Hb|bb|Hb〉
[
1 +
µ2g
m2b
(
x
2
d
dx
− 2
)]
ηsl I0(x, 0, 0) , (8.8)
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and for the nonleptonic decay rate
Γnl(Hb) =
|Vcb|2G2F m5b
64π3
〈Hb|bb|Hb〉
{[
1 +
µ2g
m2b
(
x
2
d
dx
− 2
)]
ηnl I(x)− 8η2
µ2g
m2b
I2(x)
}
.
(8.9)
These formulas take into account only the dominant CKM mixing Vcb and neglect the
small one, Vub. The following notation is also used: x = mc/mb, I0(x, y, z) stands for
the kinematical suppression factor in a three-body weak decay due to masses of the final
fermions. In particular,
I0(x, 0, 0) = (1− x4)(1− 8x2 + x4)− 24x4 lnx , (8.10)
I0(x, x, 0) = (1− 14x2 − 2x4 − 12x6)
√
1− 4x2 + 24 (1 − x4) ln 1 +
√
1− 4x2
1−√1− 4x2 .
Furthermore, I(x) = I0(x, 0, 0) + I0(x, x, 0), and
I2(x) = (1− x2)3 +
(
1 +
1
2
x2 + 3x4
) √
1− 4x2 − 3x2 (1− 2x4) ln 1 +
√
1− 4x2
1−√1− 4x2 .
Finally, the QCD radiative correction factor η2 in Eq. (8.9) is known in the leading logarith-
mic approximation and is expressed in terms of the well known coefficients C+ and C− in
the renormalization of the nonleptonic weak interaction: η2 = (C
2
+(mb)− C2−(mb))/6 with
C−(µ) = C
−2
+ (µ) =
[
αs(µ)
αs(mW )
]4/b
, (8.11)
and b is the coefficient in the QCD beta function. The value of b relevant to b decays is
b = 23/3.
Numerically, for x ≈ 0.3, the expressions for the decay rates can be written as
Γsl(Hb) = Γ
parton
sl
(
1− µ
2
π(Hb)− µ2g(Hb)
2m2b
− 2.6µ
2
g(Hb)
m2b
)
,
Γnl(Hb) = Γ
parton
nl
(
1− µ
2
π(Hb)− µ2g(Hb)
2m2b
− 1.0µ
2
g(Hb)
m2b
)
, (8.12)
where Γparton is the perturbation theory value of the corresponding decay rate of b quark.
The matrix elements µ2π and µ
2
g are related to the spectroscopic formula for a heavy
hadron mass M ,
M(HQ) = mQ +Λ(HQ) +
µ2π(HQ)− µ2g(HQ)
2mQ
+ . . . (8.13)
Being combined with the spin counting for pseudoscalar and vector mesons, this formula
allows to find the value of µ2g in pseudoscalar mesons from the mass splitting:
µ2g(B) =
3
4
(
M2B∗ −M2B
)
≈ 0.36GeV 2 . (8.14)
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The value of µ2π for B mesons is less certain. It is constrained by the inequality [18],
µ2π(HQ) ≥ µ2g(HQ), and there are theoretical estimates from the QCD sum rules [19]:
µ2π(B) = 0.54 ± 0.12GeV 2 and from an analysis of spectroscopy of heavy hadrons [20]:
µ2π(B) = 0.3 ± 0.2GeV 2. In any event, the discussed corrections are rather small for b
hadrons, given that µ2g/m
2
b ≈ 0.015. The largest, in relative terms, effect of these corrections
in B meson decays is on the semileptonic decay rate, where it amounts to 4 – 5 % suppression
of the rate, which rate however is only a moderate fraction of the total width. In the
dominant nonleptonic decay rate the effect is smaller, and, according to the formula (8.12)
amounts to about 1.5 – 2 %.
The effect of the m−2Q corrections can be evaluated with a somewhat better certainty for
the ratio of the decay rates of Λb and B mesons. This is due to the fact that µ
2
g(Λb) = 0,
since there is no correlation of the spin of the heavy quark in Λb with the light component,
having overall quantum numbers JP = 0+. Then, applying the formula (8.12) to B and Λb,
we find for the ratio of the (dominant) nonleptonic decay rates:
Γnl(Λb)
Γnl(B)
= 1− µ
2
π(Λb)− µ2π(B)
2m2b
+ 0.5
µ2g(B)
m2b
. (8.15)
The difference of the kinetic terms, µ2π(Λb)−µ2π(B), can be estimated from the mass formula:
µ2π(Λb)− µ2π(B) =
2mbmc
mb −mc
[
M(B)−M(D)−M(Λb) +M(Λc)
]
= 0± 0.04GeV 2 , (8.16)
whereM is the spin-averaged mass of the mesons, e.g., M(B) = (M(B)+3M(B∗))/4. The
estimated difference of the kinetic terms is remarkably small. Thus the effect in the ratio of
the decay rates essentially reduces to the chromomagnetic term, which is also rather small
and accounts for less than 1% difference of the rates. For the ratio of the semileptonic decay
rates the chromomagnetic term is approximately four times larger, but then the contribution
of the semileptonic rates to the total width is rather small. Thus one concludes that the
terms of order m−2b in the OPE expansion for the decay rates can account only for about
1% difference of the lifetimes of Λb and the B mesons.
The significance of them−2Q terms is substantially different for the decay rates of charmed
hadrons, where these effects suppress the inclusive decays of the D mesons by about 40%
with respect to those of the charmed hyperons in a reasonable agreement with the observed
pattern of the lifetimes.
It should be emphasized once again that the m−2Q effects do not depend on the flavors
of the spectator quarks or antiquarks. Thus the explanation of the variety of the inclusive
decay rates within the flavor SU(3) multiplets, observed for charmed hadrons and expected
for the b ones, has to be sought among the m−3Q terms.
8.2.4 L
(3)
eff Coefficients and operators
Although the third term in the expansion (8.5) is formally suppressed by an extra power of
m−1Q , its effects are comparable to, or even larger than the effects of the second term. This
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is due to the fact that the diagrams determining the third term (see Fig. 8.1) contain a two-
body phase space, while the first two terms involve a three-body phase space. This brings in
a numerical enhancement factor, typically 4π2. The enhanced numerical significance of the
third term in OPE, generally, does not signal a poor convergence of the expansion in inverse
heavy quark mass for decays of b, and even charmed, hadrons the numerical enhancement
factor is a one time occurrence in the series, and there is no reason for similar ‘anomalous’
enhancement among the higher terms in the expansion.
Here we first present the expressions for the relevant parts of L
(3)
eff for decays of b
and c hadrons in the form of four-quark operators and then proceed to a discussion of
hadronic matrix elements and the effects in specific inclusive decay rates. The consideration
of the effects in decays of charmed hadrons is interesting in its own right, and leads to
new predictions to be tested experimentally, and is also important for understanding the
magnitude of the involved matrix elements using the existing data on charm decays.
We start with considering the term L
(3)
eff in b hadron nonleptonic decays, L
(3,b)
eff,nl, induced
by the underlying processes b → c u d, b → c c s, b → c u s, and b → c c d. Unlike the case
of three-body decay, the kinematical difference between the two-body states cc and cu,
involved in calculation of L
(3,b)
eff,nl is of the order of m
2
c/m
2
b ≈ 0.1 and is rather small. At
present level of accuracy in discussing this term in OPE, one can safely neglect the effect
of finite charmed quark mass2. In this approximation the expression for L
(3,b)
eff,nl reads as [4]
L
(3,b)
eff, nl = |Vcb|2
G2F m
2
b
4π
{
C˜1 (bΓµb)(uΓµu) + C˜2 (bΓµu)(uΓµb)
+ C˜5 (bΓµb+
2
3
bγµγ5b)(qΓµq) + C˜6 (biΓµbk +
2
3
biγµγ5bk)(qkΓµqi)
+
1
3
κ˜1/2 (κ˜−2/9 − 1)
[
2 (C˜2+ − C˜2−) (bΓµtab) jaµ
− (5C˜2+ + C˜2− − 6 C˜+ C˜−)(bΓµtab+
2
3
bγµγ5t
ab)jaµ
]}
, (8.17)
where the notation (q Γ q) = (dΓ d) + (sΓ s) is used, the indices i, k are the color triplet
ones, Γµ = γµ (1 − γ5), and jaµ = uγµtau + dγµtad + sγµtas is the color current of the
light quarks with ta = λa/2 being the generators of the color SU(3). The notation C˜±,
is used as shorthand for the short-distance renormalization coefficients C±(µ) at µ = mb:
C˜± ≡ C±(mb). The expression (8.17) is written in the leading logarithmic approximation
for the QCD radiative effects in a low normalization point µ such that µ≪ mb (but still, at
least formally, µ≫ ΛQCD). For such µ there arises so called ‘hybrid’ renormalization [22],
depending on the factor κ˜ = αs(µ)/αs(mb). The coefficients C˜A with A = 1, . . . , 6 in
Eq. (8.17) have the following explicit expressions in terms of C˜± and κ˜:
C˜1 = C˜
2
+ + C˜
2
− +
1
3
(1− κ1/2)(C˜2+ − C˜2−) ,
C˜2 = κ
1/2 (C˜2+ − C˜2−) ,
2The full expression for a finite charmed quark mass can be found in [21]
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C˜3 = −1
4
[
(C˜+ − C˜−)2 + 1
3
(1− κ1/2)(5C˜2+ + C˜2− + 6C˜+C˜−)
]
,
C˜4 = −1
4
κ1/2 (5C˜2+ + C˜
2
− + 6C˜+C˜−) ,
C˜5 = −1
4
[
(C˜+ + C˜−)
2 +
1
3
(1− κ1/2)(5C˜2+ + C˜2− − 6C˜+C˜−)
]
,
C˜6 = −1
4
κ1/2 (5C˜2+ + C˜
2
− − 6C˜+C˜−) . (8.18)
The expression for the CKM dominant semileptonic decays of b hadrons, associated with
the elementary process b→ c ℓ ν does not look to be of an immediate interest. The reason
is that this process is intrinsically symmetric under the flavor SU(3), and one expects no
significant splitting of the semileptonic decay rates within SU(3) multiplets of the b hadrons.
The only possible effect of this term, arising through a penguin-like mechanism can be in
a small overall shift of semileptonic decay rates between B mesons and baryons. However,
these effects are quite suppressed and are believed to be even smaller than the ones arising
form the discussed m−2b terms.
For charm decays there is a larger, than for b hadrons, variety of effects associated
with L
(3)
eff that can be studied experimentally, and we present here the relevant parts of
the effective Lagrangian. For the CKM dominant nonleptonic decays of charm, originating
from the quark process c→ s u d, the discussed term in OPE has the form
L
(3,∆C=∆S)
eff,nl = cos
4 θc
G2F m
2
c
4π
{
C1 (cΓµc)(dΓµd) + C2 (cΓµd)(dΓµc)
+C3 (cΓµc+
2
3
cγµγ5c)(sΓµs) + C4 (ciΓµck +
2
3
ciγµγ5ck)(skΓµsi) (8.19)
+C5 (cΓµc+
2
3
cγµγ5c)(uΓµu) + C6 (ciΓµck +
2
3
ciγµγ5ck)(ukΓµui)
+
1
3
κ1/2 (κ−2/9 − 1)
[
2 (C2+ − C2−) (cΓµtac) jaµ − (5C2+ +C2−)(cΓµtac+
2
3
cγµγ5t
ac)jaµ
]}
,
where, θc is the Cabibbo angle, and the coefficients without the tilde are given by the same
expressions as above for the b decays (i.e., those with tilde) with the replacement mb → mc.
The part of the notation in the superscript ∆C = ∆S points to the selection rule for the
dominant CKM unsuppressed nonleptonic decays. One can rather realistically envisage
however a future study of inclusive rates for the once CKM suppressed decays of charmed
hadrons3, satisfying the selection rule ∆S = 0 and associated with the quark processes
c → du s and c → du d . The corresponding part of the effective Lagrangian for these
processes reads as
3Even if the inclusive rate of these decays is not to be separated experimentally, they contribute about
10% of the total decay rate, and it is worthwhile to include their contribution in the balance of the total
width.
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L
(3,∆S=0)
eff, nl = cos
2 θc sin
2 θc
G2F m
2
c
4π
{
C1 (cΓµc)(qΓµq) + C2 (ciΓµck)(qkΓµqi)
+C3 (cΓµc+
2
3
cγµγ5c)(qΓµq) + C4 (ciΓµck +
2
3
ciγµγ5ck)(qkΓµqi) (8.20)
+ 2C5 (cΓµc+
2
3
cγµγ5c)(uΓµu) + 2C6 (ciΓµck +
2
3
ciγµγ5ck)(ukΓµui)
+
2
3
κ1/2 (κ−2/9 − 1)
[
2 (C2+ − C2−) (cΓµtac) jaµ − (5C2+ +C2−)(cΓµtac+
2
3
cγµγ5t
ac)jaµ
]}
,
where again the notation (q Γ q) = (dΓ d) + (sΓ s) is used.
The semileptonic decays of charm, the CKM dominant, associated with c → s ℓ ν, and
the CKM suppressed, originating from c→ s ℓ ν, contribute to the semileptonic decay rate,
which certainly can be measured experimentally. The expression for the part of the effective
Lagrangian, describing the m−3Q terms in these decays is [17,24,25]
L
(3)
eff, sl =
G2F m
2
c
12π
{
cos2 θc
[
L1 (cΓµc+
2
3
cγµγ5c)(sΓµs) + L2 (ciΓµck +
2
3
ciγµγ5ck)(skΓµsi)
]
+ sin2 θc
[
L1 (cΓµc+
2
3
cγµγ5c)(dΓµd) + L2 (ciΓµck +
2
3
ciγµγ5ck)(dkΓµdi)
]
− 2κ1/2 (κ−2/9 − 1) (cΓµtac+ 2
3
cγµγ5t
ac)jaµ
}
, (8.21)
with the coefficients L1 and L2 found as
L1 = (κ
1/2 − 1), L2 = −3κ1/2 . (8.22)
8.2.5 Effects of L
(3)
eff in mesons
The expressions for the terms in L
(3)
eff still leave us with the problem of evaluating the matrix
elements of the four-quark operators over heavy hadrons in order to calculate the effects
in the decay rates according to the formula (8.2). In doing so only few conclusions can be
drawn in a reasonably model independent way, i.e., without resorting to evaluation of the
matrix elements using specific ideas about the dynamics of quarks inside hadrons. The most
straightforward prediction can in fact be found for b hadrons. Namely, one can notice that
the operator (8.17) is symmetric under the flavor U spin (an SU(2) subgroup of the flavor
SU(3), which mixes s and d quarks). This is a direct consequence of neglecting the small
kinematical effect of the charmed quark mass. However the usual (in)accuracy of the flavor
SU(3) symmetry is likely to be a more limiting factor for the accuracy of this symmetry,
than the corrections of order m2c/m
2
b . Modulo this reservation the immediate prediction
from this symmetry is the degeneracy of inclusive decay rates within U spin doublets:
Γ(Bd) = Γ(Bs) , Γ(Λb) = Γ(Ξ
0
b) , (8.23)
where Γ(Bs) stands for the average rate over the two eigenstates of the Bs−Bs oscillations.
The data on decay rates of the cascade hyperon Ξ0b are not yet available, while the currently
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measured lifetimes of Bd and Bs are within less than 2% from one another. Theoretically,
the difference of the lifetimes, associated with possible violation of the SU(3) symmetry
and with breaking of the U symmetry of the effective Lagrangian (8.17), is expected to not
exceed about 1%.
For the non-vanishing matrix elements of four-quark operators over pseudoscalar mesons
one traditionally starts with the factorization formula and parameterizes possible deviation
from factorization in terms of ‘bag constants’. Within the normalization convention adopted
here the relations used in this parameterization read as
〈PQq|(QΓµq) (qΓµQ)|PQq〉 = 1
2
f2P MP B ,
〈PQq|(QΓµQ) (qΓµq)|PQq〉 = 1
6
f2P MP B˜ , (8.24)
where PQq stands for pseudoscalar meson made of Q and q, fP is the annihilation constant
for the meson, and B and B˜ are bag constants. The parameters B and B˜ generally depend
on the normalization point µ for the operators, and this dependence is compensated by
the µ dependence of the coefficients in L
(3)
eff , so that the results for the physical decay
rate difference do not depend on µ. If the normalization point µ is chosen at the heavy
quark mass (i.e. µ = mb for B mesons, and µ = mc for D mesons) the predictions for
the difference of total decay rates take a simple form in terms of the corresponding bag
constants (generally different between B and D):
Γ(B±)− Γ(B0) = |Vcb|2 G
2
F m
3
b f
2
B
8π
[
(C˜2+ − C˜2−)B(mb) +
1
3
(C˜2+ + C˜
2
−) B˜(mb)
]
≈ −0.025
(
fB
200MeV
)2
ps−1 , (8.25)
Γ(D±)− Γ(D0) = cos4 θc G
2
F m
3
c f
2
D
8π
[
(C2+ − C2−)B(mc) +
1
3
(C2+ +C
2
−) B˜(mc)
]
∼ −0.8
(
fD
200MeV
)2
ps−1 , (8.26)
where the numerical values are written in the approximation of exact factorization: B = 1,
and B˜ = 1. It is seen from the numerical estimates that, even given all the theoretical
uncertainties, the presented approach is in reasonable agreement with the data on the
lifetimes of D and B mesons. In particular, this approach describes, at least qualitatively,
the strong suppression of the decay rate of D± mesons relative to D0, the experimental
observation of which has in fact triggered in early 80-s the theoretical study of preasymptotic
in heavy quark mass effects in inclusive decay rates. For the B mesons the estimate (8.25) is
also in a reasonable agreement with the current data for the discussed difference (−0.043±
0.017 ps−1).
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8.2.6 Effects of L
(3)
eff in baryons
The weakly decaying heavy hyperons, containing either c or b quark are: ΛQ ∼ Qud, Ξ(u)Q ∼
Qus, Ξ
(d)
Q ∼ Qds, and ΩQ ∼ Qss. The first three baryons form an SU(3) (anti)triplet. The
light diquark in all three is in the state with quantum numbers JP = 0+, so that there is no
correlation of the spin of the heavy quark with the light component of the baryon. On the
contrary, in ΩQ the two strange quarks form a J
P = 1+ state, and a correlation between
the spins of heavy and light quarks is present. The absence of spin correlation for the heavy
quark in the triplet of hyperons somewhat reduces the number of independent four-quark
operators, having nonvanishing diagonal matrix elements over these baryons. Indeed, the
operators entering L
(3)
eff contain both vector and axial bilinear forms for the heavy quarks.
However the axial part requires a correlation of the heavy quark spin with that of a light
quark, and is thus vanishing for the hyperons in the triplet. Therefore only the structures
with vector currents are relevant for these hyperons. These structures are of the type
(c γµ c)(q γµ q) and (ci γµ ck)(qk γµ qi) with q being d, s or u. The flavor SU(3) symmetry
then allows to express, for each of the two color combinations, the matrix elements of three
different operators, corresponding to three flavors of q, over the baryons in the triplet in
terms of only two combinations: flavor octet and flavor singlet. Thus all effects of L
(3)
eff in
the triplet of the baryons can be expressed in terms of four independent combinations of
matrix elements. These can be chosen in the following way:
x =
〈
1
2
(QγµQ) [(u γµu)− (s γµs)]
〉
Ξ
(d)
Q
−ΛQ
=
〈
1
2
(QγµQ)
[
(s γµs)− (d γµd)
]〉
ΛQ−Ξ
(u)
Q
,
y =
〈
1
2
(Qi γµQk) [(uk γµui)− (sk γµsi)]
〉
Ξ
(d)
Q
−ΛQ
=
〈
1
2
(Qi γµQk)
[
(sk γµsi)− (dk γµdi)
]〉
ΛQ−Ξ
(u)
Q
, (8.27)
with the notation for the differences of the matrix elements: 〈O〉A−B = 〈A|O|A〉−〈B|O|B〉,
for the flavor octet part and the matrix elements:
xs =
1
3
〈HQ|(QγµQ)
(
(u γµ u) + (d γµ d) + (s γµ s)
)
|HQ〉
ys =
1
3
〈HQ|(Qi γµQk)
(
(uk γµ ui) + (dk γµ di) + (sk γµ si)
)
|HQ〉 (8.28)
for the flavor singlet part, where HQ stands for any heavy hyperon in the (anti)triplet.
The initial, very approximate, theoretical estimates of the matrix elements [4] were
essentially based on a non-relativistic constituent quark model, where these matrix elements
are proportional to the density of a light quark at the location of the heavy one, i.e., in
terms of the wave function, proportional to |ψ(0)|2. Using then the same picture for the
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matrix elements over pseudoscalar mesons, relating the quantity |ψ(0)|2 to the annihilation
constant fP , and assuming that |ψ(0)|2 is approximately the same in baryons as in mesons,
one arrived at the estimate
y = −x = xs = −ys ≈ f
2
DMD
12
≈ 0.006GeV 2 , (8.29)
where the sign relation between x and y is inferred from the color antisymmetry of the
constituent quark wave function for baryons. Since the constituent picture was believed
to be valid at distances of the order of the hadron size, the estimate (8.29) was applied
to the matrix elements in a low normalization point where αs(µ) ≈ 1. For the matrix
elements of the operators, containing s quarks over the ΩQ hyperon, this picture predicts
an enhancement factor due to the spin correlation:
〈ΩQ|(QΓµQ)(sΓµ s)|ΩQ〉 = −〈ΩQ|(Qi ΓµQk)(sk Γµ si)|ΩQ〉 =
10
3
y (8.30)
Although these simple estimates allowed to correctly predict [4] the hierarchy of lifetimes of
charmed hadrons prior to establishing this hierarchy experimentally, they fail to quantita-
tively predict the differences of lifetimes of charmed baryons. We shall see that the available
data indicate that the color antisymmetry relation is badly broken, and the absolute value
of the matrix elements is larger, than the naive estimate (8.29), especially for the quantity
x.
It should be emphasized that in the heavy quark limit the matrix elements (8.27) and
(8.28) do not depend on the flavor of the heavy quark, provided that the same normalization
point µ is used. Therefore, applying the OPE formulas to both charmed and b baryons,
one can extract the values for the matrix elements from available data on charmed hadrons,
and then make predictions for b baryons, as well as for other inclusive decay rates, e.g.,
semileptonic, for charmed hyperons.
The only data available so far, which would allow to extract the matrix elements, are on
the lifetimes of charmed hyperons. Therefore, one has to take into account several essential
types of inclusive decay, at least those that contribute to the total decay rate at the level
of about 10%. Here we first concentrate on the differences of the decay rates within the
SU(3) triplet of the hyperons, which will allow us to extract the non-singlet quantities x
and y, and then discuss the SU(3) singlet shifts of the rates.
The differences of the dominant Cabibbo unsuppressed nonleptonic decay rates are given
by
δnl, 01 ≡ Γnl∆S=∆C(Ξ0c)− Γnl∆S=∆C(Λc) = cos4 θc
G2F m
2
c
4π
[(C5 − C3)x+ (C6 − C4) y] ,
δnl, 02 ≡ Γnl∆S=∆C(Λc)− Γnl∆S=∆C(Ξ+c ) = cos4 θc
G2F m
2
c
4π
[(C3 − C1)x+ (C4 − C2) y] . (8.31)
The once Cabibbo suppressed decay rates of Λc and Ξ
+
c are equal, due to the ∆U = 0
property of the corresponding effective Lagrangian L
(3,1)
eff,nl (Eq. (8.21)). Thus the only
difference for these decays in the baryon triplet is
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δnl,1 ≡ Γnl∆S=0(Ξ0c)− Γnl∆S=0(Λc)
= cos2 θc sin
2 θc
G2F m
2
c
4π
[(2C5 − C1 − C3)x+ (2C6 − C2 − C4) y] . (8.32)
The dominant semileptonic decay rates are equal among the two Ξc baryons due to the
isotopic spin property ∆I = 0 of the corresponding interaction Lagrangian, thus there is
only one non-trivial splitting for these decays:
δsl,0 ≡ Γsl∆S=−1(Ξc)− Γsl∆S=−1(Λc) = − cos2 θc
G2F m
2
c
12π
[L1 x+ L2 y] . (8.33)
Finally, the Cabibbo suppressed semileptonic decay rates are equal for Λc and Ξ
0
c , due to
the ∆V = 0 property of the corresponding interaction. Thus the only difference for these is
δsl,1 ≡ Γsl∆S=0(Λc)− Γsl∆S=0(Ξ+c ) = − sin2 θc
G2F m
2
c
12π
[L1 x+ L2 y] . (8.34)
Using the relations (8.31)–(8.34) on can find expressions for two differences of the mea-
sured total decay rates, ∆1 = Γ(Ξ
0
c) − Γ(Λc) and ∆2 = Γ(Λc) − Γ(Ξ+c ), in terms of the
quantities x and y:
∆1 = δ
nl, 0
1 + δ
nl,1 + 2 δsl,0
=
G2F m
2
c
4π
cos2 θ
{
x
[
cos2 θ (C5 − C3) + sin2 θ (2C5 − C1 − C3)− 2
3
L1
]
+ y
[
cos2 θ (C6 − C4) + sin2 θ (2C6 −C2 − C4)− 2
3
L2
]}
, (8.35)
and
∆2 = δ
nl, 0
2 − 2 δsl,0 + 2 δsl,1
=
G2F m
2
c
4π
{
x
[
cos4 θ (C3 − C1) + 2
3
(cos2 θ − sin2 θ)L1
]
+ y
[
cos4 θ (C4 − C2) + 2
3
(cos2 θ − sin2 θ)L2
]}
. (8.36)
By comparing these relations with the data, one can extract the values of x and y. Using
the current data for the total decay rates: Γ(Λc) = 4.85± 0.28 ps−1, Γ(Ξ0c) = 10.2± 2 ps−1,
and the updated value [26] Γ(Ξ+c ) = 3.0 ± 0.45 ps−1, we find for the µ independent matrix
element x
x = −(0.04 ± 0.01)GeV 3
(
1.4GeV
mc
)2
, (8.37)
while the dependence of the thus extracted matrix element y on the normalization point µ
is shown in Fig. 8.2.4
4It should be noted that the curves at large values of κ, κ >∼ 3, are shown only for illustrative purpose.
The coefficients in the OPE, leading to the equations (8.35,8.36), are purely perturbative. Thus, formally,
they correspond to αs(µ)≪ 1, i.e., to κ≪ 1/αs(mc) ∼ (3− 4).
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Figure 8.2: The values of the extracted matrix elements x and y in GeV 3 vs. the
normalization point parameter κ = αs(µ)/αs(mc). The thick lines correspond to
the central value of the data on lifetimes of charmed baryons, and the thin lines
show the error corridors. The extracted values of x and y scale as m−2c with the
assumed mass of the charmed quark, and the plots are shown for mc = 1.4GeV .
Notably, the extracted values of x and y are in a drastic variance with the simplistic
constituent model: the color antisymmetry relation, x = −y, does not hold at any reasonable
µ, and the absolute value of x is substantially enhanced5
Once the non-singlet matrix elements are determined, they can be used for predicting
differences of other inclusive decay rates within the triplet of charmed hyperons as well as
for the b baryons. Due to correlation of errors in x and y it makes more sense to express the
predictions directly in terms of the total decay rates of the charmed hyperons. The thus
arising relations between the rates do not depend on the normalization parameter µ. In
this way one finds [28] for the difference of the Cabibbo dominant semileptonic decay rates
between either of the Ξc hyperons and Λc:
Γsl(Ξc)− Γsl(Λc) ≈ δsl,0 = 0.13∆1 − 0.065∆2 ≈ 0.59 ± 0.32 ps−1 . (8.38)
When compared with the data on the total semileptonic decay rate of Λc, Γsl(Λc) = 0.22±
0.08 ps−1, this prediction implies that the semileptonic decay rate of the charmed cascade
hyperons can be 2–3 times larger than that of Λc.
The predictions found in a similar way for the inclusive Cabibbo suppressed decay rates
are [28]: for nonleptonic decays
δnl,1 = 0.082∆1 + 0.054∆2 ≈ 0.55 ± 0.22 ps−1 (8.39)
and for the semileptonic ones
δsl,1 = tan2 θc δ
sl,0 ≈ 0.030 ± 0.016 ps−1 . (8.40)
5A similar, although with a smaller enhancement, behavior of the matrix elements was observed in a
recent preliminary lattice study [27].
Report of the B Physics at the Tevatron Workshop
8.2. THEORY OF HEAVY HADRON LIFETIMES 347
For the only difference of the inclusive rates in the triplet of b baryons, Γ(Λb)− Γ(Ξ−b ),
one finds an expression in terms of x and y, or alternatively, in terms of the differences ∆1
and ∆2 between the charmed hyperons,
Γ(Λb)− Γ(Ξ−b ) = cos2 θc |Vcb|2
G2F m
2
b
4π
[
(C˜5 − C˜1)x+ (C˜6 − C˜2) y
]
(8.41)
≈ |Vcb|2 m
2
b
m2c
(0.85∆1 + 0.91∆2) ≈ 0.015∆1 + 0.016∆2 ≈ 0.11 ± 0.03 ps−1 .
When compared with the data on the total decay rate of Λb this result predicts about 14%
longer lifetime of Ξ−b than that of Λb.
The singlet matrix elements xs and ys (cf. Eq. (8.28)) are related to the shift of the
average decay rate of the hyperons in the triplet:
ΓQ =
1
3
(
Γ(ΛQ) + Γ(Ξ
1
Q) + Γ(Ξ
2
Q)
)
. (8.42)
For the charmed baryons the shift of the dominant nonleptonic decay rate is given by [29]
δ
(3,0)
nl Γc = cos
4 θ
G2F m
2
c
8π
(C2+ + C
2
−)κ
5/18 (xs − 3 ys) , (8.43)
while for the b baryons the corresponding expression reads as
δ(3)Γb = |Vcb|2 G
2
F m
2
b
8π
(C˜+ − C˜−)2 κ˜5/18 (xs − 3 ys) . (8.44)
The combination xs − 3 ys of the SU(3) singlet matrix elements cancels in the ratio of
the shifts for b hyperons and the charmed ones:
δ(3)Γb =
|Vcb|2
cos4 θ
m2b
m2c
(C˜+ − C˜−)2
C2+ + C
2
−
[
αs(mc)
αs(mb)
]5/18
δ
(3,0)
nl Γc ≈ 0.0025 δ(3,0)nl Γc . (8.45)
(One can observe, with satisfaction, that the dependence on the unphysical parameter µ
cancels out, as it should.) This equation shows that relatively to the charmed baryons the
shift of the decay rates in the b baryon triplet is greatly suppressed by the ratio (C˜+ −
C˜−)
2/(C2++C
2
−), which parametrically is of the second order in αs, and numerically is only
about 0.12.
An estimate of δ(3)Γb from Eq. (8.45) in absolute terms depends on evaluating the
average shift δ
(3,0)
nl Γc for charmed baryons. The latter shift can be conservatively bounded
from above by the average total decay rate of those baryons: δ
(3,0)
nl Γc < Γc = 6.0± 0.7 ps−1,
which then yields, using Eq. (8.45), an upper bound δ(3)Γb < 0.015 ± 0.002 ps−1. More
realistically, one should subtract from the total average width Γc the contribution of the
‘parton’ term, which can be estimated from the decay rate of D0 with account of the O(m
−2
c )
effects, as amounting to about 3 ps−1. (One should also take into account the semileptonic
contribution to the total decay rates, which however is quite small at this level of accuracy).
Thus a realistic evaluation of δ(3)Γb does not exceed 0.01 ps
−1, which constitutes only about
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1% of the total decay rate of Λb. Thus the shift of the total decay rate of Λb due to the effects
of L
(3)
eff is dominantly associated with the SU(3) non-singlet difference (8.42). The shift of
the Λb decay rate with respect to the average width Γb due to the non-singlet operators is
one third of the splitting (8.42), i.e., about 5%. Adding to this the 1% shift of the average
width and another 1% difference from the meson decays due to the suppression of the latter
by the m−2b chromomagnetic effects, one concludes that at the present level of theoretical
understanding it looks impossible to explain a more than 10% enhancement of the total
decay rate of Λb relative to Bd, where an ample 3% margin is added for the uncertainties of
higher order terms in OPE as well as for higher order QCD radiative effects in the discussed
corrections. In other words, the expected pattern of the lifetimes of the b hyperons in the
triplet, relative to Bd, is
τ(Ξ0b) ≈ τ(Λb) < τ(Bd) < τ(Ξ−b ) , (8.46)
with the “best” theoretical estimate of the differences to be about 7% for each step of the
inequality.
For the double strange hyperons Ωc and Ωb there is presently no better approach to
evaluating the four-quark matrix elements, than the use of simplistic relations, like (8.30)
based on constituent quark model. Such relations imply that the effects of the strange
quark, WS and PI, in the ΩQ baryons are significantly enhanced over the same effects in
the cascade hyperons. In charmed baryons a presence of strange spectator quark enhances
the decay through positive interference with the quark emerging from the c→ s transition
in the decay. For Ωc this implies a significant enhancement of the total decay rate [4], which
is in perfect agreement with the data on the Ωc lifetime. Also a similar enhancement is
expected for the semileptonic decay rate of Ωc. In b baryons, on the contrary, the interference
effect for a spectator strange quark is negative. Thus the nonleptonic decay rate of Ωb is
expected to be suppressed, leaving Ωb most probably the longest-living particle among the
b baryons.
8.2.7 Relation between spectator effects in baryons and
the decays ΞQ → ΛQ π
Rather unexpectedly, the problem of four-quark matrix elements over heavy hyperons is
related to decays of the type ΞQ → ΛQ π. The mass difference between the charmed
cascade hyperons Ξc and Λc is about 180 MeV. The expected analogous mass splitting for
the b hyperons should be very close to this number, since in the heavy quark limit
M(Ξb)−M(Λb) =M(Ξc)−M(Λc) +O(m−2c −m−2b ). (8.47)
Therefore in both cases are kinematically possible decays of the type ΞQ → ΛQ π, in which
the heavy quark is not destroyed, and which are quite similar to decays of ordinary ‘light’
hyperons. Surprisingly, the rate of these decays for both Ξc and Ξb is not insignificantly
small, but rather their branching fraction can reach a level of few per mill for Ξc and of one
percent or more for Ξb [30].
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The transitions ΞQ → ΛQ π are induced by two underlying weak processes: the ‘specta-
tor’ decay of a strange quark, s → uu d, which does not involve the heavy quark, and the
‘non-spectator’ weak scattering (WS)
s c→ c d (8.48)
trough the weak interaction of the c→ d and s→ c currents. One can also readily see that
the WS mechanism contributes only to the decays Ξc → Λc π and is not present in the decays
of the b cascade hyperons. An important starting point in considering these transitions is
that in the heavy quark limit the spin of the heavy quark completely decouples from the
spin of the light component of the baryon, and that the latter light component in both the
initial an the final baryons forms a JP = 0+ state with quantum numbers of a diquark.
Since the momentum transfer in the considered decays is small in comparison with the mass
of the heavy quark the spin of the amplitudes with spin flip of the heavy quark, and thus
of the baryon, are suppressed by m−1Q . In terms of the two possible partial waves in the
decay ΞQ → ΛQ π, the S and P , this implies that the P wave is strongly suppressed and
the decays are dominated by the S wave.
According to the well known current algebra technique, the S wave amplitudes of pion
emission can be considered in the chiral limit at zero four-momentum of the pion, where they
are described by the PCAC reduction formula (pole terms are absent in these processes):
〈ΛQ πi(p = 0) |HW |ΞQ〉 =
√
2
fπ
〈ΛQ |
[
Q5i , HW
]
|ΞQ〉 , (8.49)
where πi is the pion triplet in the Cartesian notation, and Q
5
i is the corresponding isotopic
triplet of axial charges. The constant fπ ≈ 130MeV , normalized by the charged pion decay,
is used here, hence the coefficient
√
2 in Eq. (8.49). The Hamiltonian HW in Eq. (8.49) is
the nonleptonic strangeness-changing Hamiltonian:
HW =
√
2GF cos θc sin θc
{
(C+ + C−)
[
(uL γµ sL) (dL γµ uL)− (cL γµ sL) (dL γµ cL)
]
+ (C+ − C−)
[
(dL γµ sL) (uL γµ uL)− (dL γµ sL) (cL γµ cL)
]}
. (8.50)
In this formula the weak Hamiltonian is assumed to be normalized (in LLO) at µ = mc. The
terms in the Hamiltonian (8.50) without the charmed quark fields describe the ‘spectator’
nonleptonic decay of the strange quark, while those with the c quark correspond to the WS
process (8.48).
It is straightforward to see from Eq. (8.49) that in the PCAC limit the discussed decays
should obey the ∆I = 1/2 rule. Indeed, the commutator of the weak Hamiltonian with the
axial charges transforms under the isotopic SU(2) in the same way as the Hamiltonian itself.
In other words, the ∆I = 1/2 part ofHW after the commutation gives an ∆I = 1/2 operator,
while the ∆I = 3/2 part after the commutation gives an ∆I = 3/2 operator. The latter
operator however cannot have a non vanishing matrix element between an isotopic singlet,
ΛQ, and an isotopic doublet, ΞQ. Thus the ∆I = 3/2 part of HW gives no contribution to
the S wave amplitudes in the PCAC limit.
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Once the isotopic properties of the decay amplitudes are fixed, one can concentrate
on specific charge decay channels, e.g., Ξ−b → Λb π− and Ξ0c → Λc π−. An application of
the PCAC relation (8.49) with the Hamiltonian from Eq. (8.50) to these decays, gives the
expressions for the amplitudes at p = 0 in terms of baryonic matrix elements of four-quark
operators:
〈Λb π−(p = 0) |HW |Ξ−b 〉 (8.51)
=
√
2
fπ
GF cos θc sin θc 〈Λb | (C+ + C−)
[
(uL γµ sL) (dL γµ dL)− (uL γµ sL) (uL γµ uL)
]
+ (C+ − C−)
[
(dL γµ sL) (uL γµ dL)− (uL γµ sL) (uL γµ uL)
]
|Ξ−b 〉
=
√
2
fπ
GF cos θc sin θc 〈Λb |C−
[
(uL γµ sL) (dL γµ dL)− (dL γµ sL) (uL γµ dL)
]
− C+
3
[
(uL γµ sL) (dL γµ dL) + (dL γµ sL) (uL γµ dL) + 2 (uL γµ sL) (uL γµ uL)
]
|Ξ−b 〉 ,
where in the last transition the operator structure with ∆I = 3/2 giving a vanishing con-
tribution is removed and only the structures with explicitly ∆I = 1/2 are retained, and
〈Λc π−(p = 0) |HW |Ξ0c〉 = 〈Λb π−(p = 0) |HW |Ξ−b 〉+
√
2
fπ
GF cos θc sin θc (8.52)
× 〈Λc | (C+ + C−) (cL γµ sL) (uL γµ cL) + (C+ − C−) (uL γµ sL) (cL γµ cL)|Ξ0c〉 .
In the latter formula the first term on the r.h.s. expresses the fact that in the heavy quark
limit the ‘spectator’ amplitudes do not depend on the flavor or the mass of the heavy quark.
The rest of the expression (8.53) describes the ‘non-spectator’ contribution to the amplitude
of the charmed hyperon decay. Using the flavor SU(3) symmetry the latter contribution
can be related to the non-singlet matrix elements (8.27) (normalized at µ = mc) as
∆A ≡ 〈Λc π−(p = 0) |HW |Ξ0c〉 − 〈Λb π−(p = 0) |HW |Ξ−b 〉
=
GF cos θc sin θc
2
√
2 fπ
[(C− − C+) x− (C+ + C−) y] . (8.53)
Furthermore, with the help of the equations (8.35) and (8.36) relating the matrix elements x
and y to the differences of the total decay widths within the triplet of charmed hyperons, one
can eliminate x and y in favor of the measured width differences. The resulting expression
has the form
∆A ≈ −
√
2π cos θc sin θc
GF m2c fπ
[
0.45
(
Γ(Ξ0c)− Γ(Λc)
)
+ 0.04
(
Γ(Λc)− Γ(Ξ+c )
)]
= −10−7
[
0.97
(
Γ(Ξ0c)− Γ(Λc)
)
+ 0.09
(
Γ(Λc)− Γ(Ξ+c )
)](1.4GeV
mc
)2
ps , (8.54)
where, clearly, in the latter form the widths are assumed to be expressed in ps−1, and
mc = 1.4GeV is used as a ‘reference’ value for the charmed quark mass. It is seen from
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Eq. (8.54) that the evaluation of the difference of the amplitudes within the discussed
approach is mostly sensitive to the difference of the decay rates of Ξ0c and Λc, with only
very little sensitivity to the total decay width of Ξ+c . Using the current data the difference
∆A is estimated as
∆A = −(5.4 ± 2)× 10−7 , (8.55)
with the uncertainty being dominated by the experimental error in the lifetime of Ξ0c . An
amplitude A of the magnitude, given by the central value in Eq. (8.55) would produce a
decay rate Γ(ΞQ → ΛQ π) = |A|2 pπ/(2π) ≈ 0.9× 1010 s−1, which result can also be written
in a form of triangle inequality√
Γ(Ξ−b → Λb π−) +
√
Γ(Ξ0c → Λc π−) ≥
√
0.9× 1010 s−1 . (8.56)
Although at present it is not possible to evaluate in a reasonably model independent
way the matrix element in Eq. (8.52) for the ‘spectator’ decay amplitude, the inequality
(8.56) shows that at least some of the discussed pion transitions should go at the level of
0.01 ps−1, similar to the rates of analogous decays of ‘light’ hyperons.
8.2.8 Summary on predictions for lifetimes
We summarize here specific predictions for the inclusive decay rates, which can be argued
with a certain degree of theoretical reliability, and which can be possibly experimentally
tested in the nearest future.
B mesons:
τ(Bd)/τ(Bs) = 1± 0.01 . (8.57)
Charmed hyperons:
Γsl(Ξc) = (2− 3) Γsl(Λc) Γsl(Ωc) > Γsl(Ξc) ,
Γnl∆S=−1(Ξ
+
c ) ≈ Γnl∆S=−1(Λc) , (8.58)
Γnl∆S=−1(Ξ
0
c)− Γnl∆S=−1(Λc) ≈ 0.55 ± 0.22 ps−1 .
b hyperons:
τ(Ξ0b) ≈ τ(Λb) < τ(Bd) < τ(Ξ−b ) < τ(Ωb) ,
Γ(Λb)− Γ(Ξ−b ) ≈ 0.11 ± 0.03 ps−1 , (8.59)
0.9 <
τ(Λb)
τ(Bd)
< 1 .
Strangeness decays ΞQ → ΛQ π: The ∆I = 1/2 rule should hold in these decays, so that
Γ(Ξ
(d)
Q → ΛQπ−) = 2Γ(Ξ(u)Q → ΛQπ0). The rates are constrained by the triangle inequality
(8.56).
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8.3 Theory of B0 −B0 mixing †
In Sect. 1.3.2 the time evolution of the B0−B0 system has been discussed. B0−B0 mixing
involves three physical, rephasing-invariant quantities: |M12|, |Γ12| and the phase φ defined
in (1.62). In the following we will discuss how they are related to physical observables. The
discussed quantities are summarized in Table 8.1.
8.3.1 Mass difference
The mass difference ∆m can be measured from the tagged time evolutions in (1.73-1.77)
from any decay B0 → f , unless λf = ±1, in which case the oscillatory terms vanish.
The time evolution is especially simple for flavor-specific decays, which are characterized
by λf = 0. The corresponding formulae can be found in (1.79) and (1.80). Interesting
flavor-specific modes are tabulated in Table 8.4. Time integrated measurements determine
xq = ∆mq/Γq = ∆mqτBq , q = d, s, defined in (1.93). While unfortunately it is common
practice to quote measurements of ∆mq in terms of xq, it should be clear that the measured
oscillation frequencies determine ∆md and ∆ms and not xd and xs. Fundamental physics
quantities like CKM elements are related to ∆md and ∆ms, so that the errors of the lifetimes
entering xq are irrelevant.
In order to predict the mass difference ∆mq within the Standard Model or one of its
extensions, one must first calculate the |∆B|=2 transition amplitude, which triggers B0−B0
mixing. The lowest order contribution to this amplitude in the Standard Model is the box
diagram in Fig. 1.2. Then one must match the result to an effective field theory, in which
the interactions mediated by heavy particles are described by local operators represented
by pointlike vertices. In the Standard Model only one operator, Q in (1.118), emerges.
This procedure separates short- and long-distance physics and is described in Sect. 1.5.1.
It results in the effective Hamiltonian in (1.117). The interesting short-distance physics
is contained in the Wilson coefficient C in (1.119). New physics can modify C and can
introduce new operators in addition to Q in (1.118). The Standard Model prediction is
readily obtained from (1.117) to (1.121):
∆mq = 2|M q12| =
|〈B0q |H |∆B|=2|B0q〉|
mBq
=
G2F
6π2
ηBmBq B̂Bqf
2
BqM
2
W S
(
m2t
M2W
) ∣∣∣VtbV ∗tq∣∣∣2 .
(8.60)
where q = s or d.
Next we discuss the phenomenology of ∆md in the Standard Model. We first insert
the numerical values of those quantities which are well-known into (8.60). The QCD factor
ηB = 0.55 [31] corresponds to the MS scheme for mt. The MS value of mt = 167GeV
is numerically smaller than the pole mass measured at the Tevatron by roughly 7 GeV.
Solving (8.60) for |Vtd| one finds:
|Vtd| = 0.0078
√
∆md
0.49 ps−1
200MeV
fBd
√
1.3
B̂Bd
. (8.61)
†Author: Ulrich Nierste
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observable defined in SM prediction for
Bd in Bs in
∆m ≃ 2|M12| (1.64a) (8.60),(8.69) (8.60),(8.65),(8.69)
φ (1.62) (8.83) (8.83)
∆Γ ≃ 2|Γ12| cosφ (1.64b) (8.87),(8.89) (8.86),(8.87)
∆ΓCP ≃ 2|Γ12| (8.98)
∆Γ′CP ≃ 2|Γ12| cos2 φ (8.113)
∆ΓccCP = 2|ξd 2c Γcc12| (8.133) (8.134)
a =
∣∣∣ Γ12M12 ∣∣∣ sinφ (1.65) (8.138) (8.138)
Table 8.1: Observables related to |M12|, |Γ12| and φ discussed in Sect. 8.3.
The relation of |Vtd| to the improved Wolfenstein parameters is
|Vtd| = Aλ3Rt
(
1 +O(λ4)
)
= |Vcb|λRt
(
1 +O(λ4)
)
(8.62)
and
Rt =
√
(1− ρ)2 + η2 (8.63)
is the length of one side of the unitarity triangle. Hence the measurement of ∆md defines
a circle in the (ρ, η) plane centered around (1, 0). Yet the hadronic uncertainties associated
with fBd
√
B̂Bd obscure a clean extraction of |Vtd| and Rt from the well-measured ∆md.
The summer 2000 world averages from lattice calculations are fBd = (200 ± 30)MeV and
B̂Bd = 1.30±0.17 [32]. This gives |Vtd| = 0.0078±0.0013 and, with |Vcb| = (40.4±1.8)×10−3 ,
Rt = 0.88 ± 0.15.
For the discussion of ∆ms we first note that the corresponding CKM element in (8.60)
is fixed from CKM unitarity:
|Vts| = |Vcb|
[
1 + λ2
(
ρ− 1
2
)
+O(λ4)
]
. (8.64)
|Vts| is smaller than |Vcb| by roughly 1%. Hence within the Standard Model a measurement
of ∆ms directly probes the calculation of the hadronic matrix element. (8.60) specifies to
∆ms = 17.2 ps
−1
( |Vts|
0.04
fBs
230MeV
)2 B̂Bs
1.3
. (8.65)
This can be rewritten as
fBs
√
B̂Bs =
√
∆ms
14.9 ps−1
0.04
|Vcb| 247MeV. (8.66)
The present 95% C.L. limit of ∆ms ≥ 14.9 ps−1 [33] implies a lower bound on fBs
√
B̂Bs
which is only marginally consistent with some of the quenched lattice calculations. Hence
global fits of the unitarity triangle (using ∆md/∆ms to constrain Rt) which use too small
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values of fBs
√
B̂Bs confine the apex of the triangle to a too small region of the (ρ, η) plane
or may even be in conflict with the measured lower bound on ∆ms.
The determination of Rt profits enormously from a measurement of ∆ms, because the
ratio of the hadronic matrix elements entering ∆md/∆ms can be calculated with a much
higher accuracy than the individual matrix elements:
ξ =
fBs
√
B̂Bs
fBd
√
B̂Bd
(8.67)
is equal to 1 in the limit of exact SU(3)F symmetry. Hence the theorists’ task is reduced to
the calculation of the deviation from 1. The current world average from lattice calculations
is [32]
ξ = 1.16 ± 0.05. (8.68)
Further |Vcb| drops out from the ratio
∆md
∆ms
= λ2R2t
(
1 + λ2(1− 2ρ) +O(λ4)
) mBd
mBs
1
ξ2
. (8.69)
With the expected experimental accuracy of ∆md,s and the anticipation of progress
in the determination of ξ in (8.68) a determination of Rt at the level of 1-3% is possible.
Then, eventually, even the uncertainty in λ cannot be neglected anymore. Keeping the
overall factor of λ2 while inserting λ = 0.22 in the subleading terms one finds from (8.69):
Rt = 0.880
√
∆md
0.49 ps−1
√
17 ps−1
∆ms
0.22
λ
ξ
1.16
(1 + 0.05 ρ) . (8.70)
Here the omission of O(λ4) terms induces a negligible error of less than 0.1%. At present
Rt is obtained from a global fit of the unitarity triangle and (8.69) is used to predict
∆ms = 17.3
+1.5
−0.7 [34]. One should be aware that some of the quantities entering the global
fit, especially ǫK , are sensitive to new physics. Hence the measurement of a ∆ms well above
the quoted range would be very exciting. In a large class of extensions of the Standard model
∆md and ∆ms change, while their ratio does not. In these models ∆ms could be in conflict
with (8.66) without affecting Rt in (8.70). Therefore it is desirable to gain additional
experimental information on fBs , so that the dependence on non-perturbative methods
is reduced. This information can be obtained from the Bs width difference discussed in
Sect. 8.3.2.
8.3.2 Width difference
8.3.2.1 Calculation
The two mass eigenstates BL and BH in (1.54) differ not only in their masses but also
in their widths. The prediction of the width difference ∆Γ = ΓL − ΓH ≃ 2 |Γ12| cosφ
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Figure 8.3: Leading order diagrams determining Γs12. Only the CKM-favored
contribution ξs∗2c Γ
cc
12 is shown. The left diagram is the weak annihilation diagram
and the right one is the spectator interference diagram. The dashed line indicates
the cut through the final state.
in (1.64b) requires the calculation of |Γ12| and φ. Γ12 is determined from the absorptive
part of the |∆B| = 2 transition amplitude. It receives contributions from all final states
which are common to B0 and B0 as shown in the first line of (1.146). The leading order
(LO) diagrams contributing to Γ12 in the Bs system are shown in Fig. 8.3. The dominant
contribution comes from the spectator interference diagram, the weak annihilation diagram
is color-suppressed. We write
Γq12 = −
[
ξq∗2c Γ
cc
12,q + 2ξ
q∗
u ξ
q∗
c Γ
uc
12,q + ξ
q∗2
u Γ
uu
12,q
]
, q = d, s, (8.71)
where the three terms denote the contributions from the diagram with (anti-)quarks i and
j in the final state. The ξqi ’s denote the corresponding CKM factors:
ξqu = VuqV
∗
ub, ξ
q
c = VcqV
∗
cb, ξ
q
t = VtqV
∗
tb. (8.72)
They satisfy ξqu + ξ
q
c + ξ
q
t = 0 from CKM unitarity and read in terms of the improved
Wolfenstein parameters [35]:
ξdu = Aλ
3 (ρ+ iη) +O(λ5), ξdc = −Aλ3 +O(λ5),
ξdt = Aλ
3 (1− ρ− iη) +O(λ5),
ξsu = Aλ
4(1 +
λ2
2
) (ρ+ iη) +O(λ8), ξsc = Aλ2(1−
λ2
2
) +O(λ6),
ξst = −Aλ2
[
1− λ2(1
2
− ρ− iη)
]
+O(λ6), (8.73)
−ξdu/ξdc and −ξdt /ξdc define two sides of the standard unitarity triangle depicted in Fig. 1.1.
One has
−ξ
d
u
ξdc
= Rbe
iγ , −ξ
d
t
ξdc
= Rte
−iβ, (8.74)
where Rb =
√
ρ2 + η2 and Rt is defined in (8.63). The ratio ξ
s
t /ξ
s
c involves the phase βs
measured from the mixing-induced CP asymmetry in Bs → D+s D−s :
−ξ
s
t
ξsc
= [1 + ρλ2 +O(λ4)] eiβs with βs = ηλ2[1 + (1− ρ)λ2] +O(λ6). (8.75)
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The coefficients Γij12 in (8.71) are positive. They are inclusive quantities and can be calcu-
lated using the heavy quark expansion described for the heavy hadron lifetimes in Sect. 8.2.
The leading term of the power expansion in ΛQCD/mb contains two Dirac structures, each
of which can be factorized into a short-distance Wilson coefficient and the matrix element
of a local operator:
Γij12,q =
G2Fm
2
b
6π
f2BqMBq
[
F ij(z)
2
3
BBq − F ijS (z)
5
12
BS′Bq
] [
1 +O
(
ΛQCD
mb
)]
. (8.76)
Here z = m2c/m
2
b . The operator Q, which we already encountered in the discussion of ∆m,
was defined in (1.118). When Q occurs in the context of B0s−B0s mixing, we understand that
the d quarks in (1.118) are appropriately replaced by s quarks. In Γ12,q a second operator
occurs:
QS = qLbR qLbR, q = d or s. (8.77)
BBq and B
S′
Bq
(or, equivalently, BSBq ) are ‘bag’ parameters quantifying the hadronic matrix
elements of Q and QS :
〈B0q |Q(µ)|B0q〉 =
2
3
f2Bqm
2
BqBBq(µ) , (8.78)
〈B0q |QS(µ)|B0q〉 = −
5
12
f2Bqm
2
BqB
S′
Bq(µ) = −
5
12
f2Bqm
2
Bq
m2Bq
[mb(µ) +mq(µ)]
2B
S
Bq(µ).
BSBq and B
S′
Bq
simply differ by the factor m2Bq/[mb(µ) +mq(µ)]
2. While lattice results are
usually quoted for BSBq , the forthcoming formulae are shorter when expressed in terms of
BS′Bq . These ‘bag’ factors depend on the renormalization scale µ and the renormalization
scheme. In the literature on ∆Γ it is customary to use BBq and B
S
Bq
in the MS scheme
as defined in [36]. Numerical values obtained in lattice calculations are usually quoted for
µ = mb. The invariant bag factor B̂Bq defined in (1.121) is related to BBq (µ) by
B̂Bq = BBq (µ) bB(µ) (8.79)
bB(µ) = [αs(µ)]
−6/23
[
1 +
αs(µ)
4π
5165
3174
]
, bB(mb) = 1.52 ± 0.03.
A recent preliminary lattice calculation with two dynamical flavors found BBs(mb) = 0.83±
0.08 and BSBs(mb) = 0.84 ± 0.08 [37]. No deviation of BBs/BBd and BSBs/BSBd from 1 is
seen. The quoted value for BBq (mb) corresponds to B̂Bq = 1.26± 0.12. The short distance
physics entering Γq12 in (8.76) is contained in F (z) and FS(z). To leading order in αs they
read:
F cc(z) =
√
1− 4z
[
(1− z)K1 + 1− 4z
2
K2
]
F ccS (z) =
√
1− 4z (1 + 2z) (K1 −K2)
F uc(z) = (1− z)2
[
2 + z
2
K1 +
1− z
2
K2
]
F ucS (z) = (1− z)2 (1 + 2z) (K1 −K2)
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F uu(z) = F cc(0) = F uc(0) = K1 +
1
2
K2
F uuS (z) = F
cc
S (0) = F
uc
S (0) = K1 −K2. (8.80)
K1 and K2 are combinations of the Wilson coefficients C1 and C2, which are tabulated in
Table 1.3:
K1 = 3C
2
1 + 2C1C2, K2 = C
2
2 . (8.81)
The scale at which the Wilson coefficients are evaluated must equal the scale used in BBq (µ)
and BSBq (µ). In (8.76) and (8.80) we have neglected the small contributions from penguin
coefficients, which can be found in [36].
It is instructive to eliminate ξqc = −ξqt − ξqu in favor of ξqu and ξqt in (8.71):
Γq12 = −ξq∗2t
[
Γcc12,q + 2
ξq∗u
ξq∗t
(
Γcc12,q − Γuc12,q
)
+
ξq∗2u
ξq∗2t
(
Γcc12,q − 2Γuc12,q + Γuu12,q
)]
. (8.82)
In the limit z = 0 all the Γij12’s become equal and argM12 = arg(−Γ12) = arg(ξq∗2t ), so that
φ vanishes in this limit. With (8.73) one verifies that φd = O(ηz) and φs = O(λ2ηz). This
GIM suppression is lifted, if new physics contributes to argM q12 spoiling the cancellation
between argM12 and arg(−Γq12). Therefore φ is extremely sensitive to new physics.
Combining (8.82) and (8.80) we find the Standard Model predictions for φd = φ(Bd)
and φs = φ(Bs):
φd = − 2η
R2t
Γuc12,d − Γcc12,d
Γcc12,d
[
1 +O
(
ηz2, ηλ4
)]
≈ −24
5
η
R2t
BBd
BS′Bd
K1 +K2
K2 −K1 z ≈ −0.1 = −5
◦ ,
φs = 2λ
2η
Γuc12,s − Γcc12,s
Γcc12,s
[
1 +O
(
ηz2, ηλ4
)]
≈ 24
5
η λ2
BBs
BS′Bs
K1 +K2
K2 −K1 z ≈ 3× 10
−3 = 0.2◦ .
(8.83)
That is, in the Standard Model, we can safely neglect the factor of cosφq in the relation
∆Γq = 2|Γq12| cosφq (see (1.64b)). For Γs12 the CKM-suppressed contributions Γuc12,s and
Γuu12,s are completely irrelevant. Γ
d
12 is also dominated by the double-charm contribution
Γcc12,d, with up to O(5%) corrections from the second term in (8.82):
∆ΓSMs = 2|Γs12| = |ξst |2 2|Γcc12,s|
∆ΓSMd = 2|Γd12| = |ξdt |2 2|Γcc12,d|
∣∣∣∣1 + 2R2t + ρ− 1R2t
Γuc12,d − Γcc12,d
Γcc12,d
+O
(
R4B
R4t
z2
)∣∣∣∣ . (8.84)
Γcc12,s has been calculated in the next-to-leading order of αs [36] and ΛQCD/mb [38]. The
result gives the following prediction for ∆ΓSMs :
∆ΓSMs
Γ
=
2|Γs12|
Γ
=
(
fBs
245 MeV
)2 [
(0.234 ± 0.035)BSBs − 0.080 ± 0.020
]
. (8.85)
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Here the coefficient of BSBs has been updated to mb(mb) +ms(mb) = 4.3GeV (in the MS
scheme) compared to [36]. Since the coefficient F cc(z) of BBs in (8.76) is very small, BBs
in (8.85) has been fixed to BBs(mb) = 0.85 ± 0.05 obtained in quenched lattice QCD [37].
Recently the KEK–Hiroshima group succeeded in calculating fBs in an unquenched lattice
QCD calculation with two dynamical fermions [39]. The result is fBs = (245 ± 30)MeV.
With this number and BSBs(mb) = 0.87± 0.09 from quenched lattice QCD [37,40] one finds
from (8.85):
∆ΓSMs
Γ
= 0.12 ± 0.06. (8.86)
Here we have conservatively added the errors from the two lattice quantities linearly. fBs
drops out from the ratio
∆ΓSMs
∆mSMs
≃ 5π
6
m2b
M2W ηBbBS(m
2
t /M
2
W )
|FS(z)|
BS′Bs
BBs
[
1 +O
(
ΛQCD
mb
)]
. (8.87)
The full result with next-to-leading order corrections in αs and ΛQCD/mb can be found
in [36]. Including these corrections one finds [36]:
∆ΓSMs
∆mSMs
=
(
3.7
+0.8
−1.5
)
× 10−3. (8.88)
The uncertainty in (8.88) is dominated by the renormalization scale dependence. Its re-
duction requires a painful three-loop calculation. The numerical value in (8.88) is obtained
with BSBs/BBs = 1.0± 0.1 [37], which is larger than the one used in [36].
Next we consider the width difference in the Bd meson system: since the second term
in (8.84) is negligible in view of the other uncertainties, (8.87) also holds for ∆ΓSMd /∆m
SM
d
with the replacement BS′Bs/BBs → BS′Bd/BBd . The SU(3)F breaking in these ‘bag’ factors
and in the ΛQCD/mb corrections can safely be neglected, so that the numerical range (8.88)
also holds for ∆ΓSMd /∆m
SM
d . With ∆md = 0.49 ps
−1 and τBd = 1.5 ps one finds ∆Γ
SM
d ≈
3×10−3Γd. Since ∆Γd and ∆md are affected by new physics in different ways, it is instructive
to consider the ratio of the two width differences: from (8.84) and (8.85) one finds
∆ΓSMd
∆ΓSMs
=
|Γd12|
|Γs12|
≃ f
2
Bd
BSBd
f2BsB
S
Bs
∣∣∣∣∣ξdtξst
∣∣∣∣∣
2
≃ 0.04R2t . (8.89)
In the last line we have used fBs/fBd = 1.16 ± 0.05 and BSBs = BSBd . The numerical
predictions for ∆Γd from (8.88) and (8.89) are consistent with each other. Since ∆Γd stems
from the CKM-suppressed decay modes, it can be substantially enhanced in models of new
physics.
8.3.2.2 Phenomenology of ∆Γs
Time Evolution: The width difference ∆Γs can be measured from the time evolution of
an untagged Bs sample, as shown in sect. 1.3.3. In general the decay
( )
Bs → f is governed
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by the two-exponential formula in (1.85). With (1.54) and (1.72) we can calculate 〈f |BL,H〉
and find from (1.85):
Γ[f, t] = Nf |Af |
2
2
(
1 + |λf |2
) [(
1−Af∆Γ
)
e−ΓLt +
(
1 +Af∆Γ
)
e−ΓH t
]
(8.90)
with Af∆Γ defined in (1.83). Throughout this Sect. 8.3.2.2 we neglect small terms of order
a. The time-independent prefactor of the square bracket can be eliminated in favor of the
branching ratio Br (
( )
B → f ) using (1.84). In principle one could measure ∆Γs = ΓL − ΓH
by fitting the decay distribution of any decay with |Af∆Γ| 6= 1 to Γ[f, t] in (8.90). In practice,
however, one will at best be able to measure the deviation from a single exponential up to
terms linear in ∆Γst. In (1.82) Γ[f, t] is expressed in terms of Γs = (ΓL + ΓH)/2 and ∆Γs.
With (1.84) one finds
Γ[f, t] = 2BR (
( )
Bs → f ) Γs e−Γst
[
1 +
∆Γs
2
Af∆Γ
(
t− 1
Γs
)]
+O
(
(∆Γs t)
2
)
. (8.91)
That is, unless one is able to resolve quadratic O ((∆Γs)2) terms, one can only determine the
product Af∆Γ∆Γs from the time evolution. A flavor-specific decay mode like Bs → D−s π+ is
characterized by λf = 0 and therefore hasAf∆Γ = 0. In these decay modes the term involving
∆Γs in (8.91) vanishes. Flavor-specific decays therefore determine Γs up to corrections of
order (∆Γs)
2. For those decays Γ[f, t] is insensitive to new physics in M12, because λf = 0.
In order to gain information on ∆Γs from (8.91), one must consider decays with λf 6= 0.
But λf and Af∆Γ depend on the mixing phase φM (see (1.67)) and therefore change in the
presence of new physics in M12. In the Standard Model we can calculate φM and then
extract ∆Γs from the measured Af∆Γ∆Γs. In the presence of new physics, however, one
needs additional information. We therefore discuss these two cases independently below.
Lifetimes are conventionally measured by fitting the decay distribution to a single ex-
ponential. We now write the two-exponential formula of (8.90) as
Γ[f, t] = Ae−ΓLt + B e−ΓH t
= e−Γst
[
(A+B) cosh
∆Γst
2
+ (B −A) sinh ∆Γst
2
]
, (8.92)
where A = A(f) and B = B(f) can be read off from (8.90). If one uses a maximum
likelihood fit of (8.92) to a single exponential,
F [f, t] = Γf e
−Γf t, (8.93)
it will yield the following result [41]:
Γf =
A/ΓL +B/ΓH
A/Γ2L +B/Γ
2
H
. (8.94)
We expand this to second order in ∆Γs:
Γf = Γs +
A−B
A+B
∆Γs
2
− 2AB
(A+B)2
(∆Γs)
2
Γs
+ O
(
(∆Γs)
3
Γ2s
)
. (8.95)
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In flavor-specific decays we have A = B (see (1.82)). We see from (8.95) that here a
single-exponential fit determines
Γfs = Γs − (∆Γs)
2
2Γs
+ O
(
(∆Γs)
3
Γ2s
)
. (8.96)
Heavy quark symmetry predicts that the average widths Γs and Γd are equal up to cor-
rections of less than one percent [38,42]. From (8.96) we then realize that the average Bs
lifetime (defined as 1/Γf ) can exceed the Bd lifetime by more than one percent, if ∆Γs is
sizable.
CP Properties and Branching Ratios: In the Bs system ∆Γ is dominated by Γ
s,cc
12 .
In the following we will neglect the Cabibbo-suppressed contributions from Γs,uc12 and Γ
s,uu
12 .
We also specify to the PDG phase convention for the CKM matrix, in which arg(VcbV
∗
cs) =
O(λ6), see (8.75). For the discussion in the forthcoming paragraphs it will be useful to
define the CP eigenstates
|Bevens 〉 =
1√
2
(
|Bs〉 − |Bs〉
)
, and |Bodds 〉 =
1√
2
(
|Bs〉+ |Bs〉
)
. (8.97)
Here we have used the standard convention for the CP transformation: CP |Bs〉 = −|Bs〉.
Interestingly, one can measure ∆Γs from branching ratios, without information from
lifetime fits. We define
∆ΓsCP ≡ 2|Γs12| = 2
∑
f∈Xcc
[Γ(Bs → fCP+) − Γ(Bs → fCP−)] . (8.98)
Here Xcc represents the final states containing a (c, c) pair, which constitute the dominant
contribution to ∆ΓsCP stemming from the decay b → ccs. In (8.98) we have decomposed
any final state f into its CP -even and CP -odd component, |f〉 = |fCP+〉 + |fCP−〉6 and
defined
Γ(Bs → fCP±) = Nf |〈fCP±|Bs〉|2 = |〈fCP±|Bs〉|
2
|〈f |Bs〉|2 Γ(Bs → f). (8.99)
Nf is the usual normalization factor originating from the phase-space integration. ∆ΓsCP
equals ∆Γs in the Standard Model, but these quantities differ by a factor of cosφs in models
of new physics, see (1.64b). We will later exploit this feature to probe the Standard Model
and to determine | cos φs|.
We now prove the second equality in (8.98) and subsequently discuss how Γ(Bs → fCP±)
can be measured. Start from the definition of Γs12:
Γs12 =
∑
f
Nf 〈Bs|f〉〈f |Bs〉 = 1
2
∑
f
Nf
[
〈Bs|f〉〈f |Bs〉+ 〈Bs|f〉〈f |Bs〉
]
. (8.100)
6The factor of 2 in (8.98) is an artifact of our normalization of |fCP±〉.
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In the second equation we have paired the final state |f〉 with its CP conjugate |f〉 =
−CP |f〉. In the next step we trade f for fCP+ and fCP− and use the CP transformation
〈fCP±|Bs〉 = ∓〈fCP±|Bs〉 (8.101)
in our phase convention with arg(VcbV
∗
cs) = 0. Then (8.100) becomes
−Γs12 =
∑
f∈Xcc
Nf
[
|〈fCP+|Bs〉|2 − |〈fCP−|Bs〉|2
]
=
∑
f∈Xcc
[Γ(Bs → fCP+) − Γ(Bs → fCP−)] . (8.102)
Interference terms involving both 〈fCP+|Bs〉 and 〈fCP−|Bs〉 drop out when summing the
two terms 〈Bs|f〉〈f |Bs〉 and 〈Bs|f〉〈f |Bs〉. An explicit calculation of Γs12 reveals that the
overall sign of the LHS of (8.102) is positive, which completes the proof of (8.98).
Loosely speaking, ∆ΓsCP is measured by counting the CP -even and CP -odd double-
charm final states in Bs decays. Our formulae become more transparent if we use the
CP -eigenstates defined in (8.97). With |Bs〉 = (|Bevens 〉+ |Bodds 〉)/
√
2 one easily finds from
(8.102):
∆ΓsCP = 2|Γs12| = Γ (Bevens )− Γ(Bodds ). (8.103)
Here the RHS refers to the total widths of the CP -even and CP -odd Bs eigenstates. We
stress that the possibility to relate |Γs12| to a measurable quantity in (8.98) crucially de-
pends on the fact that Γs12 is dominated by a single weak phase. For instance, the final
state K+K− is triggered by b → uus and involves a weak phase different from b → ccs.
Although K+K− is CP -even, the decay Bodds → K+K− is possible. An inclusion of such
CKM-suppressed modes into (8.102) would add interference terms that spoil the relation
to measured quantities. The omission of these contributions to Γs12 induces a theoretical
uncertainty of order 3–5% on (8.103).
A measurement of ∆ΓsCP has been performed by the ALEPH collaboration [43]. ALEPH
has measured
2BR (
( )
Bs → D(∗)s +D(∗)s − ) = 0.26+0.30−0.15 (8.104)
and related it to ∆ΓsCP. For this the following theoretical input has been used [44]:
i) In the heavy quark limit mc →∞ and neglecting certain terms of order 1/Nc (where
Nc = 3 is the number of colors) the decay B
odd
s → D±s D∗s∓ is forbidden. Hence in
this limit the final state in
( )
Bs → D±s D∗s∓ is CP -even. Further in
( )
Bs → D∗s+D∗s− the
final state is in an S-wave.
ii) In the small velocity limit when mc →∞ with mb−2mc fixed [45], ∆ΓsCP is saturated
by Γ(
( )
Bs → D(∗)s +D(∗)s −). With i) this implies that in the considered limit the width
of Bodds vanishes. For Nc → ∞ and in the SV limit, Γ(
( )
Bs → D(∗)s +D(∗)s −) further
equals the parton model result for ∆ΓsCP (quark-hadron duality).
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Identifying Γ(Bevens → D(∗)s +D(∗)s −) ≃ ∆ΓsCP and Γ(Bodds → D(∗)s +D(∗)s −) ≃ 0 we can
integrate Γ
[
D
(∗)
s
+D
(∗)
s , t
]
= Γ(Bevens → D(∗)s +D(∗)s −) exp(−ΓLt) over t to find:
2BR (
( )
Bs → D(∗)s +D(∗)s − ) ≃
∆ΓsCP
ΓL
. (8.105)
Thus the measurement in (8.104) is compatible with the theoretical prediction in (8.86).
When using (8.105) one should be aware that the corrections to the limits i) and ii)
adopted in [44] can be numerically sizeable. For instance, in the SV limit there are no
multibody final states like D
(∗)
s DXs, which can modify (8.105). As serious would be the
presence of a sizeable CP -odd component of the D
(∗)
s
+D
(∗)
s
− final state, since it would be
added with the wrong sign to ∆ΓsCP in (8.105). A method to control the corrections to the
SV limit experimentally is proposed below in the paragraph on new physics. One feature
of the SV limit is the absence of CP -odd double-charm final states. (Indeed there are only
very few CP -odd final states in Table 8.5.) This has the consequence that ∆ΓsCP cannot
be too small, because for Γ(Bodds → Xcc) the spectator contributions and non-spectator
diagrams like those in Fig. 8.3 must sum to zero. This favors values of ∆ΓsCP = ∆Γ
SM
s in
the upper range of (8.86).
Standard Model: In the Standard Model the B0s−B0s mixing phase φsM = −2βs can
be safely neglected for the discussion of ∆Γs. Then the mass eigenstates coincide with the
CP eigenstates defined in (8.97) with |BL〉 = |Bevens 〉 and |BH〉 = |Bodds 〉. Any b → ccs
decay into a CP -even final state like D+s D
−
s stems solely from the |BL〉 component in the
untagged Bs sample. A lifetime fit to this decay therefore determines ΓL. Conversely, the
b → ccs decay into a CP -odd eigenstate determines ΓH . We can easily verify this from
(8.90) by calculating Af∆Γ: q/p in (1.66) equals −1 and Af/Af = −ηf , where ηf is the CP
parity of the final state. Then (1.72) yields λf = ηf , so that Af∆Γ = −ηf . Hence for any
b → ccs decay the coefficient of exp(−ΓHt) in (8.90) vanishes for a CP -even final state,
while the exp(−ΓLt) term vanishes for a CP -odd final state. In practice one will encounter
much more statistics in CP -even final states, so that the best determination of ∆Γs will
combine ΓL with Γfs measured in a flavor-specific decay. From (8.96) and ΓL = Γs+∆Γs/2
one finds
∆Γs = 2 (ΓL − Γfs)
(
1− 2ΓL − Γfs
Γfs
)
+ O
(
(∆Γs)
3
Γ2s
)
. (8.106)
Here we have expanded to second order in ∆Γs, which should be sufficient for realistic
values of ∆Γs.
It should be stressed that every b → ccs decay encodes the same information on ∆Γs,
once its CP parity is known. This is also true for b → cud decays into CP eigenstates,
because the decay amplitude carries the same phase as the one in b → ccs. Therefore the
extracted values for ∆Γs in these decays can be combined to gain statistics. Interesting
decay modes are summarized in Table 8.5. Many of the listed modes, like
( )
Bs → ψφ, require
an angular analysis to separate the CP -even from the CP -odd component. This procedure
is described in detail in Sect. 8.3.5.
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It is tempting to use
( )
Bs → K+K− to measure ∆Γs because of its nice experimental
signature. But such CKM-suppressed decay modes cannot be used, because the weak phase
of the decay amplitude is not known. If Bs → K+K− were dominated by penguin loops
and new physics were absent from these loops, λK+K− would indeed be equal to +1 and
the coefficient of exp(−ΓHt) in (8.90) would vanish. In practice, however, the tree-level
amplitude b→ uus is expected to give a non-negligible contribution. Since this amplitude
carries a different phase, 2 arg(Vub) = −2γ, λK+K− deviates from ±1 and both exponentials
in (8.90) contribute.
New Physics: In the presence of new physics the CP-violating phase φ in (1.62) and
(1.64b) can be large. Since various observables in untagged Bs decays depend on cosφs in
different ways, one can reveal new physics and determine | cosφs| by combining different
measurements. We have already seen above that ∆ΓsCP in (8.98) does not depend on φs at
all, while ∆Γs is diminished in the presence of new physics:
∆Γs = ∆Γ
s
CP cosφs. (8.107)
On the other hand sinφs can be obtained from CP asymmetries in Bs decays like Bs → ψφ.
Therefore measurements of ∆Γ are complementary to the study of CP asymmetries, which
require tagging and the resolution of the rapid Bs–Bs oscillation and come with a loss in
statistics, efficiency and purity. Both avenues should be pursued and their results combined,
because they measure the same fundamental quantities. A detailed analysis of both tagged
and untagged decays can be found in [46].
In our phase convention arg(VcbV
∗
cs) = 0 we simply have
arg(M12) = φs. (8.108)
The mass eigenstates can be expressed as
|BL〉 = 1 + e
iφ
2
|Bevens 〉−
1− eiφ
2
|Bodds 〉,
|BH〉 = − 1− e
iφ
2
|Bevens 〉 +
1 + eiφ
2
|Bodds 〉 . (8.109)
Whenever we use Bevens and B
odd
s we implicitly refer to our phase conventions for the
CKM matrix and the CP transformation. If formulae involving Bevens and B
odd
s are used to
constrain models with an extended quark sector, the phase convention used for the enlarged
CKM matrix must likewise be chosen such that arg(VcbV
∗
cs) ≃ 0.
We next consider the time evolution of a b → ccs decay into a CP eigenstate with CP
parity ηf . Af∆Γ reads
Af∆Γ = −ηf cosφs. (8.110)
In the Standard Model, where φs ≃ 0, Γ[f, t] simplifies to a single-exponential law, which
can be verified from (8.91) or by inserting (8.109) into (1.85).
Since ∆ΓsCP is unaffected by new physics and ∆Γ
s
CP > 0, several facts hold beyond the
Standard Model:
Report of the B Physics at the Tevatron Workshop
364 CHAPTER 8. MIXING AND LIFETIMES
i) There are more CP -even than CP -odd final states in Bs decays.
ii) The shorter-lived mass eigenstate is always the one with the larger CP -even com-
ponent in (8.109). Its branching ratio into a CP -even final state fCP+ exceeds the
branching ratio of the longer-lived mass eigenstate into fCP+, if the weak phase of the
decay amplitude is close to arg VcbV
∗
cs.
iii) For cosφs > 0 BL has a shorter lifetime than BH , while for cosφs < 0 the situation
is the opposite [47].
Allowing for a new physics phase φs the result in (8.105) is changed. In the SV limit one
now predicts:
2BR (
( )
Bs → D(∗)s +D(∗)s − ) ≃ ∆ΓsCP
[
1 + cosφs
2ΓL
+
1− cosφs
2ΓH
]
=
∆ΓsCP
Γs
[
1 +O
(
∆Γs
Γs
)]
. (8.111)
The term in square brackets accounts for the fact that in general the CP -even eigenstate
|Bevens 〉 is a superposition of |BL〉 and |BH〉. It is straightforward to obtain (8.105): inserting
(8.109) into (1.85) expresses Γ[f, t] in terms of Γ(Bevens → f) and Γ(Bodds → f). After
integrating over time the coefficient of Γ(Bevens → f) is just the term in square brackets in
(8.111). We verify from (8.111) that the measurement of BR (
( )
Bs → D(∗)s +D(∗)s − ) determines
∆ΓsCP. Its sensitivity to the new physics phase φs is suppressed by another factor of ∆Γs/Γs
and is irrelevant in view of the theoretical uncertainties.
Next we discuss the determination of ∆Γs and | cosφs|. There are two generic ways to
obtain information on ∆Γs and φs :
i) The measurement of the Bs lifetime in two decay modes
( )
Bs → f1 and ( )Bs → f2 with
Af1∆Γ 6= Af2∆Γ.
ii) The fit of the decay distribution of
( )
Bs → f to the two-exponential formula in (1.82).
As first observed in [47], the two methods are differently affected by a new physics phase
φs 6= 0. Thus by combining the results of methods i) and ii) one can gain information on
φs. In this paragraph we consider two classes of decays:
• flavor-specific decays, which are characterized by Af = 0 implying Af∆Γ = 0. Exam-
ples are Bs → D−s π+ and Bs → Xℓ+νℓ,
• the CP-specific decays of Table 8.5, with Af∆Γ = −ηf cosφs.
In both cases the time evolution of the untagged sample in (1.82) is not sensitive to the
sign of ∆Γs (or, equivalently, of cosφs). For the CP-specific decays of Table 8.5 this can be
seen by noticing that
Af∆Γ sinh
∆Γs t
2
= − ηf | cosφs| sinh |∆Γs| t
2
. (8.112)
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Here we have used the fact that ∆Γs and cosφs always have the same sign, because ∆Γ
s
CP >
0. Hence our untagged studies can only determine | cos φs| and therefore lead to a four-fold
ambiguity in φs. The sign ambiguity in cosφs reflects the fact that from the untagged time
evolution in (1.82) one cannot distinguish, whether the heavier or the lighter eigenstate has
the shorter lifetime. (Methods to resolve the discrete ambiguity can be found in [46].)
In order to experimentally establish a non-zero ∆Γs from the time evolution in (1.82) one
needs sufficient statistics to resolve the deviation from a single-exponential decay law, see
(8.91). As long as we are only sensitive to terms linear in ∆Γs t and ∆Γs/Γs, we can only
determine Af∆Γ∆Γs from (8.91). Af∆Γ∆Γs vanishes for flavor-specific decays and equals
−ηf∆Γs cosφs for CP-specific final states. Hence from the time evolution alone one can
only determine the product ∆Γs cosφs in the first experimental stage.
Determination of Γs and ∆Γs cosφs: In Eqs. (8.92) – (8.95) we have related the
width found in a single-exponential fit to the parameters A(f), B(f), Γs and ∆Γs of the
two-exponential formula.
In (8.96) we found that a single-exponential fit in flavor-specific decays (which have
A = B) determines Γs up to corrections of order (∆Γs)
2/Γ2s.
With (1.82) and (8.92) we can read off A and B for the CP-specific decays of Ta-
ble 8.5 and find A(fCP+)/B(fCP+) = (1 + cosφ)/(1 − cosφ) and A(fCP−)/B(fCP−) =
(1− cosφ)/(1+cos φ) for CP -even and CP -odd final states, respectively. Our key quantity
for the discussion of CP -specific decays
( )
Bs → fCP is
∆Γs ′CP ≡ −ηfAf∆Γ∆Γs = ∆Γs cosφs = ∆ΓsCP cos2 φs. (8.113)
With this definition (8.95) reads for the decay rate ΓCP,ηf measured in
( )
Bs → fCP [46]:
ΓCP,ηf = Γs + ηf
∆Γs ′CP
2
− sin2 φs (∆Γs)
2
2Γs
+ O
(
(∆Γs)
3
Γ2s
)
. (8.114)
That is, to first order in ∆Γs, comparing the
( )
Bs lifetimes measured in a flavor-specific and
a CP-specific final state determines ∆Γs ′CP. The first term in (8.114) agrees with the result
in [47], which has been found by expanding the time evolution in (8.92) and (8.93) for small
∆Γs t.
From (8.96) and (8.114) one finds
ΓCP,ηf − Γfs =
∆Γs ′CP
2
(
ηf +
∆Γs ′CP
Γ
)
+ O
(
(∆Γ)3
Γ2
)
. (8.115)
Hence for a CP -even (CP -odd) final state the quadratic corrections enlarge (diminish) the
difference between the two measured widths. A measurement of ∆Γs ′CP has a high priority at
Run II of the Tevatron. The LHC experiments ATLAS, CMS and LHCb expect to measure
∆Γs ′CP/Γs with absolute errors between 0.012 and 0.018 for ∆Γ
s ′
CP/Γs = 0.15 [48]. An upper
bound on ∆Γs ′CP would be especially interesting. If the lattice calculations entering (8.86)
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mature and the theoretical uncertainty decreases, an upper bound on |∆Γs ′CP| may show
that φs 6= 0, π through
∆Γs ′CP
∆ΓsCP
= cos2 φs. (8.116)
Note that conversely the experimental establishment of a non-zero ∆Γs ′CP immediately helps
to constrain models of new physics, because it excludes values of φs around π/2.
The described method to obtain ∆Γs ′CP can also be used, if the sample contains a known
ratio of CP -even and CP -odd components. This situation occurs e.g. in decays to J/ψφ,
if no angular analysis is performed or in final states, which are neither flavor-specific nor
CP eigenstates. We discuss this case below for
( )
Bs → D±s D(∗)s ∓. Further note that the
comparison of the lifetimes measured in CP -even and CP -odd final states determines ∆Γs ′CP
up to corrections of order (∆Γs/Γs)
3.
The theoretical uncertainty in (8.86) dilutes the extraction of | cosφs| from a measure-
ment of ∆Γs ′CP alone. One can bypass the theory prediction in (8.86) altogether by measuring
both ∆Γs ′CP and |∆Γs| and determine | cosφs| through
∆Γs ′CP
|∆Γs| = | cosφs|. (8.117)
To obtain additional information on ∆Γs and φs from the time evolution in (1.82) requires
more statistics: the coefficient of t in (8.91), ∆ΓsAf∆Γ/2, vanishes in flavor-specific decays
and is equal to −ηf∆Γs ′CP/2 in the CP-specific decays of Table 8.5. Therefore the data
sample must be large enough to be sensitive to the terms of order (∆Γs t)
2 in order to
get new information on ∆Γs and φs. We now list three methods to determine |∆Γs| and
| cosφs| separately [46]. The theoretical uncertainty decreases and the required experimental
statistics increases from method 1 to method 3. Hence as the collected data sample grows,
one can work off our list downwards. The first method exploits information from branching
ratios and needs no information from the quadratic (∆Γs t)
2 terms.
Method 1: We assume that ∆Γs ′CP has been measured as described on page 365. The
method presented now is a measurement of ∆ΓsCP using the information from branching
ratios. With (8.116) one can then find | cosφs| and subsequently |∆Γs| from (8.117). In the
SV limit the branching ratio BR (
( )
Bs → D(∗)s +D(∗)s − ) equals ∆ΓsCP/(2Γs) up to corrections
of order ∆Γs/Γs, as discussed above [44]. Corrections to the SV limit, however, can be
sizeable. Yet we stress that one can control the corrections to this limit experimentally,
successively arriving at a result which does not rely on the validity of the SV limit. For this
it is of prime importance to determine the CP -odd component of the final states D±s D
∗∓
s
and D∗+s D
∗−
s . We now explain how the CP -odd and CP -even component of any decay
( )
Bs → f corresponding to the quark level transition b → ccs can be obtained. This simply
requires a fit of the time evolution of the decay to a single exponential, as in (8.93). Define
the contributions of the CP -odd and CP -even eigenstate to Bs → f :
Γ(Bodds → f) ≡ Nf |〈f |Bodds 〉|2, Γ(Bevens → f) ≡ Nf |〈f |Bevens 〉|2. (8.118)
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It is useful to define the CP -odd fraction xf by
Γ(Bodds → f)
Γ(Bevens → f)
=
|〈f |Bodds 〉|2
|〈f |Bevens 〉|2
=
|〈f |Bodds 〉|2
|〈f |Bevens 〉|2
=
xf
1− xf . (8.119)
The time evolution (Γ[f, t] + Γ[f , t])/2 of the CP-averaged untagged decay
( )
Bs → f, f is
governed by a two-exponential formula:
Γ[f, t] + Γ[f , t]
2
= A(f) e−ΓLt +B(f) e−ΓH t. (8.120)
With (8.109) and (1.85) one finds
A(f) =
Nf
2
|〈f |BL〉|2 + Nf
2
|〈f |BL〉|2
=
1 + cosφ
2
Γ(Bevens → f) +
1− cosφ
2
Γ(Bodds → f),
B(f) =
Nf
2
|〈f |BH〉|2 + Nf
2
|〈f |BH〉|2
=
1− cosφ
2
Γ(Bevens → f) +
1 + cosφ
2
Γ(Bodds → f). (8.121)
With (8.119) we arrive at
A(f)
B(f)
=
(1 + cosφ)Γ(Bevens → f) + (1− cosφ)Γ(Bodds → f)
(1− cosφ)Γ(Bevens → f) + (1 + cosφ)Γ(Bodds → f)
=
1 + (1− 2xf ) cos φ
1− (1− 2xf ) cos φ .
(8.122)
In (8.121) and (8.122) it is crucial that we average the decay rates for
( )
Bs → f and the
CP-conjugate process
( )
Bs → f . This eliminates the interference term 〈Bodds |f〉〈f |Bevens 〉, so
that A(f)/B(f) only depends on xf . The single-exponential fit with (8.93) determines Γf .
Equations (8.95) and (8.122) combine to give
2 (Γf − Γs) = (1− 2xf )∆Γs cosφs = (1− 2xf )∆ΓsCP cos2 φs = (1− 2xf )∆Γs ′CP , (8.123)
up to corrections of order (∆Γs)
2/Γs. In order to determine xf from (8.123) we need ∆Γ
s ′
CP
from the lifetime measurement in a CP-specific final state like D+s D
−
s or from the angular
separation of the CP components in
( )
Bs → ψφ. The corrections of order (∆Γs)2/Γs to
(8.123) can be read off from (8.95) with (8.122) as well. Expressing the result in terms of
Γf and the rate Γfs measured in flavor-specific decays, we find
1− 2xf = 2 Γf − Γfs
∆Γs ′CP
[
1 − 2 Γf − Γfs
Γs
]
+O
(
(∆Γs)
2
Γ2s
)
. (8.124)
In order to solve for Γ(Bevens → f) and Γ(Bodds → f) we also need the branching ratio
BR (
( )
Bs → f ) + BR (( )Bs → f ). Recalling (1.84) one finds from (8.120) and (8.121):
BR (
( )
Bs → f ) + BR (( )Bs → f ) = Γ(Bevens → f)
[
1 + cosφs
2ΓL
+
1− cosφs
2ΓH
]
+Γ(Bodds → f)
[
1− cosφs
2ΓL
+
1 + cosφs
2ΓH
]
. (8.125)
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By combining (8.119) and (8.125) we can solve for the two CP components:
Γ(Bevens → f) =
[
Γ2s − (∆Γs/2)2
] (
BR (
( )
Bs → f ) + BR (( )Bs → f )
) 1− xf
2Γs − Γf
= (1− xf )
(
BR(
( )
Bs → f ) + BR (( )Bs → f )
)
Γs + O (∆Γs)
Γ(Bodds → f) =
[
Γ2s − (∆Γs/2)2
] (
BR (
( )
Bs → f ) + BR (( )Bs → f )
) xf
2Γs − Γf
= xf
(
BR(
( )
Bs → f ) + BR (( )Bs → f )
)
Γs + O (∆Γs) . (8.126)
From (8.103) we now find the desired quantity by summing over all final states f :
∆ΓsCP = Γ (B
even
s )− Γ
(
Bodds
)
= 2
[
Γ2s − (∆Γs/2)2
] ∑
f∈Xcc
BR(
( )
Bs → f ) 1− 2xf
2Γs − Γf
= 2Γs
∑
f∈Xcc
BR(
( )
Bs → f ) (1− 2xf )
[
1 + O
(
∆Γs
Γs
)]
. (8.127)
It is easy to find ∆ΓsCP: first determine 1− 2xf from (8.124) for each studied decay mode,
then insert the result into (8.127). The small quadratic term (∆Γs/2)
2 = ∆ΓsCP∆Γ
s ′
CP/4
is negligible. This procedure can be performed for BR (
( )
Bs → D±s D∗s∓ ) and BR (
( )
Bs →
D∗s
+D∗s
− ) to determine the corrections to the SV limit. In principle the CP -odd P-wave
component of BR (
( )
Bs → D∗s+D∗s− ) (which vanishes in the SV limit) could also be obtained
by an angular analysis, but this is difficult in first-generation experiments at hadron col-
liders, because the photon from D∗s → Dsγ cannot be detected. We emphasize that it is
not necessary to separate the D
(∗)
s
+D
(∗)
s
− final states; our method can also be applied to
the semi-inclusive D
(∗)
s
±D
(∗)
s
∓ sample, using ∆Γs ′CP obtained from an angular separation of
the CP components in
( )
Bs → ψφ. Further one can successively include those double-charm
final states which vanish in the SV limit into (8.127). If we were able to reconstruct all
b → ccs final states, we could determine ∆ΓsCP without invoking the SV limit. In practice
a portion of these final states will be missed, but the induced error can be estimated from
the corrections to the SV limit in the measured decay modes. By comparing ∆ΓsCP and
∆Γs ′CP one finds | cos φs| from (8.116). The irreducible theoretical error of method 1 stems
from the omission of CKM-suppressed decays and is of order 2|VubVus/(VcbVcs)| ∼ 3− 5%.
Method 1 is experimentally simple: at the first stage (relying on the SV limit) it amounts
to counting the
( )
Bs decays into D
(∗)
s
+D
(∗)
s
−. The corrections to the SV limit are obtained
by one-parameter fits to the time evolution of the collected double-charm data samples.
This sample may include final states from decay modes which vanish in the SV limit, such
as multiparticle final states. No sensitivity to (∆Γs t)
2 is needed. A further advantage is
that ∆ΓsCP is not diminished by the presence of new physics.
Method 2: In the Standard Model the decay into a CP eigenstate fCP is governed
by a single exponential. If a second exponential is found in the time evolution of a CKM-
favored decay
( )
Bs → fCP, this will be clear evidence of new physics [49]. To this end we
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must resolve the time evolution in (1.82) up to order (∆Γs t)
2. At first glance this seems to
require a three-parameter fit to the data, because Γ[f, t] in (1.82) depends on Γs, ∆Γs and
(through Af∆Γ, see (8.110)) on φs. It is possible, however, to choose these parameters in
such a way that one of them enters Γ [fCP, t] at order (∆Γs)
3, with negligible impact. The
fit parameters are Γ′ and Y . They are chosen such that
Γ[fCP+, t] = 2BR (
( )
Bs → fCP+ ) Γ′e−Γ′t
[
1 + Y Γ′ t
(
−1 + Γ
′t
2
)
+O
(
(∆Γs)
3
)]
. (8.128)
Here we have considered a CP -even final state, for which a lot more data are expected than
for CP -odd states. With (8.128) we have generalized the lifetime fit method described in
(8.91) – (8.96) to the order (∆Γ t)2. A non-zero Y signals the presence of new physics. The
fitted rate Γ′ and Y are related to Γs, ∆Γs and φs by
Y =
(∆Γs)
2
4Γ′2
sin2 φs, Γ
′ = Γs(1− Y ) + cosφs
2
∆Γs. (8.129)
Note that for | cosφs| = 1 the rate Γ′ equals the rate of the shorter-lived mass eigenstate and
the expansion in (8.128) becomes the exact single-exponential formula. After determining
Γ′ and Y we can solve (8.129) for Γs, ∆Γs and φs. To this end we need the width Γfs
measured in flavor-specific decays. We find
|∆Γs| = 2
√
(Γ′ − Γfs)2 + Γ2fs
[
1 +O
(
∆Γs
Γs
)]
,
Γs = Γfs +
(∆Γs)
2
2Γs
+O
((
∆Γs
Γs
)3)
∆Γs ′CP = 2
[
Γ′ − Γs (1− Y )
] [
1 +O
((
∆Γs
Γs
)2)]
,
| sinφs| = 2Γs
√
Y
|∆Γs|
[
1 +O
(
∆Γs
Γs
)]
. (8.130)
The quantity ∆Γs ′CP, which we could already determine from single-exponential fits, is now
found beyond the leading order in ∆Γs/Γs. By contrast, ∆Γs and | sinφs| in (8.130) are
only determined to the first non-vanishing order in ∆Γs/Γs.
In conclusion, method 2 involves a two-parameter fit and needs sensitivity to the qua-
dratic term in the time evolution. The presence of new physics can be invoked from Y 6= 0
and does not require to combine lifetime measurements in different decay modes.
Method 3: Originally the following method has been proposed to determine |∆Γs|
[47,49]: The time evolution of a
( )
Bs decay into a flavor-specific final state is fitted to two
exponentials. This amounts to resolving the deviation of cosh(∆Γs t/2) from 1 in (1.82)
in a two-parameter fit for Γs and |∆Γs|. If one adopts the same parameterization as in
(8.128), Γ′ and Y are obtained from (8.129) by replacing φs with π/2. The best suited
flavor-specific decay modes at hadron colliders are
( )
Bs → D(∗)±s π∓, ( )Bs → D(∗)±s π∓π+π−
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and
( )
Bs → Xℓ∓ν.Depending on the event rate in these modes, method 3 could be superior
to method 2 in terms of statistics. On the other hand, to find the “smoking gun” of
new physics, the |∆Γs| obtained must be compared to ∆Γs ′CP from CP-specific decays to
prove | cosφs| 6= 1 through (8.117). Since the two measurements are differently affected by
systematic errors, this can be a difficult task. First upper bounds on |∆Γs| using method 3
have been obtained in [50].
The L3 collaboration has determined an upper bound |∆Γs|/Γs ≤ 0.67 by fitting the
time evolution of fully inclusive decays to two exponentials [51]. This method is quadratic
in ∆Γs as well. The corresponding formula for the time evolution can be simply obtained
from (8.92) with A = ΓL and B = ΓH .
8.3.2.3 Phenomenology of ∆Γd
The Standard Model value ∆ΓSMd /Γd ≈ 3 × 10−3 derived before (8.89) is presumably too
small to be measured from lifetime fits. In extension of the Standard Model, however,
∆Γd/Γd can be large, up to a few percent. The expected high statistics for the decay
Bd → ψKS can be used to measure the lifetime 1/ΓBd→ψKS in this channel with
ΓBd→ψKS = Γd −
∆Γd
2
cos(2βψKS ) = Γd − |Γd12| cos(2βψKS ) cosφd. (8.131)
sin(2βψKS ) is the quantity characterizing the mixing-induced CP asymmetry measured from
tagged Bd → ψKS decays. Γd is obtained from a lifetime measurements in flavor-specific
decay modes. We stress that this measurement of ΓBd→ψKS can be done from the untagged
( )
Bd → ψKS data sample. If Γd12 is dominated by new physics, its phase and therefore also
φd is unknown. If one neglects the small SM contribution in (8.83) to φd, (8.131) reads
ΓBd→ψKS ≃ Γd−|Γd12| cos(2βψKS ) cos(2βψKS−2β) = Γd−|Γd12| cos(φd+2β) cosφd, (8.132)
where β is the true angle of the unitarity triangle as defined in (1.32). Note that in the
presence of new physics β is unknown. When combined with the CP asymmetry in flavor-
specific decays discussed in Sect. 8.3.3 one can determine |Γd12| and sinφd. Then up to
discrete ambiguities also β = βψKS − φd/2 can be determined. Depending on whether the
enhancement of Γd12 is due to b → ccd, b → ucd or b → uud, transitions, CP asymmetries
in these channels can also help to disentangle |Γd12| and φd.
Interestingly, one can isolate the contribution to |Γd12| from b→ ccd decays. Define
∆Γd,ccCP ≡ 2 |ξd 2c Γd,cc12 | = 2
∑
f∈Xcc
[Γ(Bd → fCP+) − Γ(Bd → fCP−)] . (8.133)
in analogy to (8.98). In the Standard Model ∆Γd,ccCP is slightly larger than 2|Γd12|, by a factor
of 1/R2t . From (8.89) one finds
∆Γd,ccCP
∆ΓsCP
≃ f
2
Bd
BSBd
f2BsB
S
Bs
∣∣∣∣∣ξdcξst
∣∣∣∣∣
2
≃ 0.04, (8.134)
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i.e. ∆Γd,ccCP /Γd ≃ 5 × 10−3. Now ∆Γd,ccCP can be measured by counting the CP -even and
CP -odd final states in b→ ccd decays, just as described in Sect. 8.3.2.2 for b→ ccs decays
of Bs mesons. Again, in the SV limit the inclusive decay
( )
Bd → Xccd is exhausted by
( )
Bd → D(∗)+D(∗)−, which is purely CP -even in this limit. With (8.127) one can find ∆Γd,ccCP .
That is, in the SV limit one just has to measure Br(
( )
Bd → D(∗)+D(∗)−), which equals
∆Γd,ccCP /(2Γd). However, the lifetime method described in ‘Method 1’ above cannot be used
to determine the corrections to the SV limit, because ∆Γd is too small. Yet in the limit of
exact U-spin symmetry (md = ms) the CP -odd components of D
(∗)+D(∗)− from Bd decay
and D
(∗)+
s D
(∗)−
s from Bs decay are the same. Finally in b → ccd transitions CP violation
in decay could be relevant. It results from penguin loops involving top- or up-quarks and
spoils the relation (8.127) between branching ratios and ∆Γd,ccCP . This effect, however, is
calculable for inclusive decays like
( )
Bd → Xccd. In the Standard Model CP violation in
this inclusive decay is of order 1% and therefore negligible [52]. CP-violation from non-
standard sources can be revealed by comparing CP-asymmetries in b → ccd decays with
those in b → ccs decays (namely sin 2β from Bd → ψKS). Since (8.134) depends on no
CKM elements and the hadronic factor is known exactly in the SU(3)F limit, a combined
measurement of ∆Γd,ccCP and ∆Γ
s
CP provides an excellent probe of new physics in b → ccd
transitions.
8.3.3 CP Asymmetry in Flavor-specific Decays
In the preceding sections we have set the small parameter aq ≡ a(Bq), q = d, s, defined
in (1.65) to zero. In order to study CP violation in mixing we must keep terms of order
aq. The corresponding “wrong-sign” CP asymmetry is measured in flavor-specific decays
Bq → f and equals
aqfs =
Γ(B0q(t)→ f)− Γ(B0q (t)→ f)
Γ(B0q(t)→ f) + Γ(B0q (t)→ f)
= Im
Γq12
M q12
= aq , for Af = 0 and |Af | = |Af |.
(8.135)
A special case of aqfs is the semileptonic asymmetry, where f = Xℓ
+ν, introduced in
Sect. 1.4.1. A determination of aq gives additional information on the three rephasing-
invariant quantities |M q12|, |Γq12| and φq characterizing B0 −B0 mixing.
Observe that aqfs in (8.135) is time-independent. While both numerator and denomina-
tor depend on t, this dependence drops out from the ratio. The “right-sign” asymmetry,
vanishes:
Γ(B0q (t)→ f)− Γ(B0q(t)→ f) = 0 , for Af = 0 and |Af | = |Af |. (8.136)
This implies that one can measure aqfs from untagged decays [46,53]. It is easily verified
from the sum of (1.73) and (1.74) that to order aq the time evolution of untagged decays
exhibits oscillations governed by ∆mq. Since a is small, a small production asymmetry
ǫ = NB/NB − 1, which also leads to oscillations in the untagged sample, could introduce an
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experimental bias. To first order in the small parameters aq, and ǫ one finds
aq,untfs =
Γ[f, t]− Γ[f , t]
Γ[f, t] + Γ[f , t]
=
aq
2
− aq + ǫ
2
cos(∆mq t)
cosh(∆Γqt/2)
, for Af = 0 and |Af | = |Af |.
(8.137)
Note that the production asymmetry between B0q and B
0
q cannot completely fake the effect
of a non-zero aq in (8.137): while both aq 6= 0 and ǫ 6= 0 lead to oscillations, the offset from
the constant term indicates aq 6= 0.
The Standard Model predictions for ad and as are
ad ≈ − η
R2t
4π (K1 +K2)m
2
c
M2W ηBbBS(m
2
t /M
2
W )
≈ −8× 10−4
as ≈ ηλ2 4π (K1 +K2)m
2
c
M2W ηBbBS(m
2
t /M
2
W )
≈ 5× 10−5. (8.138)
The huge GIM suppression factor m2b/M
2
W sinφd ∝ m2c/M2W leads to these tiny predictions
for CP violation in mixing. ad plays a preeminent role in the search for new physics :
• its sensitivity to new physics is enormous, it can be enhanced by two orders of mag-
nitude,
• it is affected by a wide range of possible new physics effects: new CP violating effects
in φd relax the GIM-suppression ∝ m2b/M2W sinφd, because φd is no more proportional
to z = m2c/m
2
b . New physics contributions to any of the CKM-suppressed decay modes
b→ ccd, b→ ucd or b→ uud can significantly enhance |Γd12| and thereby ad.
Of course new physics contributions to argMd12 will not only affect φd, but also the CP
asymmetry in B0d → ψKS . But from this measurement alone one cannot extract the new
physics contribution, because one will know the true value of β = arg(−ξd∗t /ξd∗c ) only poorly,
once new physics affects the standard analysis of the unitarity triangle. For the discussion
of new physics it helps to write
aq =
2|Γq12|
∆mq
sinφq =
|∆Γq|
∆mq
sinφq
| cosφq| . (8.139)
If both |∆Γd| and ad are measured, one can determine both |Γd12| and sinφd.
as is less interesting than ad, because Γ
s
12 stems from CKM-favored decays and is not
very sensitive to new physics. The ratio ∆ΓsCP/Γs ≤ 0.2 from (8.86) and the current
experimental limit ∆ms ≥ 14.9 ps−1 [33] imply that |as| ≤ 0.01. New physics can affect
φs only through argM
s
12, but this new physics can be detected most easily through CP
asymmetries inBs → ψφ orBs → D(∗)+s D(∗)−s decays. Since the Standard Model predictions
for these asymmetries are essentially zero, there is no problem here to disentangle standard
from non-standard physics. Note that the measurement of sgn sinφs reduces the four-fold
ambiguity in φs from the measurement of | cosφs| to a two-fold one. The unambiguous
determination of φs is discussed in detail in [46].
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8.3.4 Angular analysis to separate the CP components †
8.3.5 CP -odd and CP -even components in Bs → J/ψφ
The most general amplitude for Bs → J/ψφ can be written in terms of the polarization
states of the two vector mesons as [55,56]
A(Bs(t)→ J/ψ φ) = A0(t)
x
ǫ∗LJ/ψ ǫ
∗L
φ −A‖(t) ǫ∗TJ/ψ ·ǫ∗Tφ /
√
2−iA⊥(t) ǫ∗J/ψ×ǫ∗φ ·pˆφ/
√
2 , (8.140)
where x ≡ pJ/ψ · pφ/(mJ/ψmφ) and pˆφ is the unit vector along the direction of motion of φ
in the rest frame of J/ψ.
Since the “CP violation in decay” of Bs → J/ψφ is vanishing,
A0(0) = A0(0) , A‖(0) = A‖(0) , A⊥(0) = −A⊥(0) . (8.141)
The final state is thus an admixture of different CP eigenstates: A0 and A‖ are CP -even
amplitudes whereas A⊥ is CP -odd. The decay rate is given by
Γ(t) ∝ |A0(t)|2 + |A‖(t)|2 + |A⊥(t)|2 , (8.142)
where the time evolutions of the individual terms are [57]
|A0,‖(t)|2 = |A0,‖(0)|2
[
e−ΓLt − e−Γt sin(∆mst)δφ
]
,
|A⊥(t)|2 = |A⊥(0)|2
[
e−ΓH t + e−Γt sin(∆mst)δφ
]
. (8.143)
Here, Γ¯ ≡ Γs = (ΓL + ΓH)/2. Note that this is not the average lifetime of Bs as measured
through its semileptonic decays [58].
The value of
δφ ≡ 2βs ≈ 2λ2η ≈ 0.03 (8.144)
is small in the standard model7, so that the terms proportional to δφ in (8.143) can be
neglected in the first approximation. The time evolution of (8.142) is then a sum of two
exponential decays with lifetimes 1/ΓH and 1/ΓL.
In principle, a fit to the time dependence of the total decay rate (8.142) can give the
values of ΓH and ΓL separately, but ∆Γs/Γ¯ is expected to be less than 20%, and it is not
easy to separate two closely spaced lifetimes. The inclusion of angular information will
increase the accuracy in the measurement of ∆Γs multi-fold, as we’ll see in the section 8.3.6
below.
†Author: Amol Dighe
7Generalizations of the formulae to the case of new physics can be found in [46].
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Figure 8.4: The definitions of angles θ, ϕ, ψ. Here θ is the “transversity” angle.
8.3.6 The transversity angle distribution
Since there are four particles in the final state, the directions of their momenta can define
three independent physical angles. Our convention for the definitions of angles [56,57] is
as shown in Fig. 8.4. The x-axis is the direction of φ in the J/ψ rest frame, the z axis is
perpendicular to the decay plane of φ → K+K−, and py(K+) ≥ 0. The coordinates (θ, ϕ)
describe the direction of l+ in the J/ψ rest frame and ψ is the angle made by ~p(K+) with
the x axis in the φ rest frame. With this convention,
x = pφ, y =
pK+ − pφ(pφ · pK+)
|pK+ − pφ(pφ · pK+)|
, z = x× y,
sin θ cosϕ = pℓ+ · x, sin θ sinϕ = pℓ+ · y, cos θ = pℓ+ · z . (8.145)
Here, the bold-face characters represent unit 3-vectors and everything is measured in the
rest frame of J/ψ. Also
cosψ = −p′K+ · p′J/ψ, (8.146)
where the primed quantities are unit vectors measured in the rest frame of φ.
The θ defined here is the transversity angle [59], which separates out the CP -even and
CP -odd components. The angular distribution in terms of θ is given by [56]:
dΓ(t)
d cos θ
∝ (|A0(t)|2 + |A‖(t)|2)
3
8
(1 + cos2 θ) + |A⊥(t)|2 3
4
sin2 θ , (8.147)
where the time evolutions of the terms are as given in (8.143).
The CP -even and CP -odd components are now separated by not only their different
lifetimes (which are very close) but also by their decay angular distributions (which are
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distinctly different). The study of information content about the value of ∆Γs in the time
and angular measurements [60] suggests that, in order to get the same degree of accuracy
in ∆Γs with only time measurements, one would need about two orders of magnitude more
number of events than if both the time and angular measurements were used (see Fig. 3
in [60]). This indicates that the strategy of selecting one decay mode (e.g. J/ψφ) and
studying its angular distribution will turn out to be more fruitful than trying to combine
all CP eigenstate decay modes and determine ΓH and ΓL solely from their time evolutions.
Note that, in the limiting case of ΓH = ΓL, the time evolution by itself cannot separate the
CP even and odd components, whereas the angular measurements can.
A fit to the transversity angle distribution (8.147) with its complete time evolution
(8.143) also gives the value of δφ and ∆ms, though a better measurement of the latter may
be obtained through other decay channels.
The transversity angle distribution (8.147) is valid for any Bs → J/ψ(→ ℓ+ℓ−)C1C2
decay, where C1 and C2 are (a) self-conjugate particles, or (b) scalars and CP conjugates
of each other [59]. The particles C1 and C2 need not be the products of any resonance,
and their total angular momentum is irrelevant. So the time and transversity angle mea-
surements from all the resonant and non-resonant decays of this form may be combined to
gain statistics. Here the values of (|A0(0)|2 + |A‖(0)|2) and |A⊥(0)|2 are just some effective
average values, but the decay widths ΓH and ΓL are the same for all such decay modes,
and hence for the whole data sample.
8.3.7 Three-angle distribution in Bs → J/ψ(→ l+l−)φ(→ K+K−)
While the one-angle distribution (8.147) is in principle sufficient to determine the values of
ΓH , ΓL, δφ and ∆ms, using the information present in all the angles (θ, φ, ψ) will improve
the measurements. In addition, one also gets access to the magnitudes of all the three
amplitudes A0(0), A‖(0), A⊥(0) and the strong phases between them, which was not possible
with the one-angle distribution [57]. A method to combine the three-angle distributions of
Bs → J/ψφ and Bd → J/ψK∗ to resolve a discrete ambiguity in the CKM angle β has also
been proposed [61].
The three angle distribution of an initially present (i.e. tagged) Bs meson is [56,57]
d3Γ[Bs(t)→ J/ψ(→ l+l−)φ(→ K+K−)]
d cos θ dϕd cos ψ
∝ 9
32π
{
2|A0(t)|2 cos2 ψ(1− sin2 θ cos2 ϕ)
+ sin2 ψ
[
|A‖(t)|2(1 − sin2 θ sin2 ϕ) + |A⊥(t)|2 sin2 θ − Im (A∗‖(t)A⊥(t)) sin 2θ sinϕ
]
+
1√
2
sin 2ψ
[
Re (A∗0(t)A‖(t)) sin
2 θ sin 2ϕ+ Im (A∗0(t)A⊥(t)) sin 2θ cosϕ
]}
. (8.148)
Note that the same angular distribution (8.148) is also valid for Bd → J/ψ(→ ℓ+ℓ−)K∗(→
K±π∓). The angular distribution for the CP conjugate decay is obtained simply by replac-
ing all A’s by A¯’s [57].
The time evolution of the observables in the angular distribution (the coefficients of
the angular terms in (8.148) and its CP conjugate mode) are given in Table 8.2 and 8.3
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Observable Time evolution
|A0(t)|2 |A0(0)|2
[
e−ΓLt − e−Γt sin(∆mst)δφ
]
|A‖(t)|2 |A‖(0)|2
[
e−ΓLt − e−Γt sin(∆mst)δφ
]
|A⊥(t)|2 |A⊥(0)|2
[
e−ΓH t + e−Γt sin(∆mst)δφ
]
Re(A∗0(t)A‖(t)) |A0(0)||A‖(0)| cos(δ2 − δ1)
[
e−ΓLt − e−Γt sin(∆mst)δφ
]
Im(A∗‖(t)A⊥(t)) |A‖(0)||A⊥(0)|
[
e−Γt sin(δ1 −∆mst) + 12
(
e−ΓH t − e−ΓLt
)
cos(δ1)δφ
]
Im(A∗0(t)A⊥(t)) |A0(0)||A⊥(0)|
[
e−Γt sin(δ2 −∆mst) + 12
(
e−ΓH t − e−ΓLt
)
cos(δ2)δφ
]
Table 8.2: Time evolution of the decay Bs → J/ψ(→ l+l−)φ(→ K+K−) of an
initially (i.e. at t = 0) pure Bs meson. Here Γ¯ ≡ (ΓH + ΓL)/2.
Observable Time evolution
|A0(t)|2 |A0(0)|2
[
e−ΓLt + e−Γt sin(∆mst)δφ
]
|A‖(t)|2 |A‖(0)|2
[
e−ΓLt + e−Γt sin(∆mst)δφ
]
|A⊥(t)|2 |A⊥(0)|2
[
e−ΓH t − e−Γt sin(∆mst)δφ
]
Re(A
∗
0(t)A‖(t)) |A0(0)||A‖(0)| cos(δ2 − δ1)
[
e−ΓLt + e−Γt sin(∆mst)δφ
]
Im(A
∗
‖(t)A⊥(t)) −|A‖(0)||A⊥(0)|
[
e−Γt sin(δ1 −∆mst)− 12
(
e−ΓH t − e−ΓLt
)
cos(δ1)δφ
]
Im(A
∗
0(t)A⊥(t)) −|A0(0)||A⊥(0)|
[
e−Γt sin(δ2 −∆mst)− 12
(
e−ΓH t − e−ΓLt
)
cos(δ2)δφ
]
Table 8.3: Time evolution of the decay Bs → J/ψ(→ l+l−)φ(→ K+K−) of an
initially (i.e. at t = 0) pure Bs meson. Here Γ¯ ≡ (ΓH + ΓL)/2.
respectively. Here δ1 ≡ Arg(A∗⊥A‖) and δ2 ≡ Arg(A∗0A‖). A finite lifetime difference ∆Γ
implies that the CP violating terms proportional to(
e−ΓH t − e−ΓLt
)
cos(δ1(2)) δφ (8.149)
survive even when the Bs is untagged [57,62]. An experimental feasibility study for extract-
ing the parameters from the time dependent three angle distribution has been performed
for the LHC in [63].
8.3.8 Angular moments method
The likelihood fit to the complete angular distribution (8.148) – including the time evolution
of the observables (Tables 8.2 and 8.3) – is a difficult task due to the large number of
parameters involved. The method of angular moments proposed in [57] can disentangle the
angular dependences and split up the likelihood fit into a number of likelihood fits with a
smaller number of parameters.
The angular distributions ((8.147) or (8.148)) are of the form
f(Θ,P; t) =
∑
b(k)(P; t) g(k)(Θ) , (8.150)
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where P represents the parameters, and Θ denotes the angles. If we can find weighting
functions w(i) such that ∫
[DΘ]w(i)(Θ) g(k)(Θ) = δik , (8.151)
then
b(i) ≈
∑
events
w(i)(Θ) , (8.152)
and the observables are determined directly from the data. It can be shown [57] that such
a set of weighting functions exists for any angular distribution of the form (8.150) and such
a set can be determined without any a priori knowledge of the values of the observables
b(i). A likelihood fit can then be performed on each observable b(i) independently in order
to determine the parameters.
The angular moments (AM) method is more transparent and easier to implement than
the complete likelihood fit method. Although the AM method in its naive form involves
some loss of information, the extent of this loss of information in the case of the transversity
angle distribution has been found to be less than 10% in the parameter range of interest
(see Fig. 5 of [60]). In its full form, the AM method can determine the values of parameters
almost as well as the likelihood fit method (see, e.g. [64]).
To conclude, the angular analysis of Bs → J/ψφ decays can separate the CP even
and odd components in the final state, and it is perhaps the best way to determine the
lifetime difference between BHs and B
L
s . As a byproduct, it also helps the measurement of
CP odd and even components and their relative strong phases, and with enough statistics,
the determination of ∆ms and δφ. The angular analysis, possibly employing the angular
moments method if the likelihood fit is inadequate, is highly recommended.
8.3.9 D0−D0 mixing †
We define the mass eigenstates in D0−D0 mixing as
|D1〉 = p|D0〉+ q|D0〉 ,
|D2〉 = p|D0〉 − q|D0〉 , with |p|2 + |q|2 = 1 . (8.153)
q and p are obtained from the solution of the eigenvalue problem for M − iΓ/2. In (1.61c)
q/p is determined in terms of M12 and Γ12. We define
∆mD = m2 −m1, ∆ΓD = Γ1 − Γ2 (8.154)
xD =
∆mD
Γ
yD = −∆ΓD
2Γ
=
Γ2 − Γ1
2Γ
. (8.155)
The definitions in (8.153) and (8.154) comply with the conventions of Sect. 1.3 for B0−B0
mixing. In particular the time evolution formulae of (1.58) - (1.60) are also valid for D0−D0
mixing with the replacement B0 → D0. Unlike in the case of B0 − B0 mixing we cannot
†Author: Ulrich Nierste
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expand in ∆ΓD/∆mD. We also refrain from expanding in a defined in (1.65). Then (1.73)
- (1.77) can be used for D0 mesons, if 1+a in (1.74) is replaced by |p/q|2 and 1−a in (1.76)
is replaced by |q/p|2. Note that the definition of yD in (8.155) is opposite in sign to the one
of y in the B meson system in (1.93). In (8.155) we have used the sign convention which
is usually used in D0−D0 mixing. Since D0−D0 mixing is very small, one can expand in
∆mDt and ∆ΓDt. Using xD and yD from (8.155) the small t expansion of (1.73) - (1.77)
gives
Γ(D0(t)→ f) = Nf |Af |2 e−ΓDt
[
1 + (−Imλf xD + Reλf yD) ΓDt
+
(
|λf |2 + 1
4
y2D +
|λf |2 − 1
4
x2D
)
(ΓDt)
2
]
, (8.156)
Γ(D0(t)→ f) = Nf |Af |2 e−ΓDt
∣∣∣∣pq
∣∣∣∣2
[
|λf |2 + (Imλf xD +Reλf yD) ΓDt
+
(
|λf |2 + 1
4
y2D −
|λf |2 − 1
4
x2D
)
(ΓDt)
2
]
, (8.157)
Γ(D0(t)→ f) = Nf
∣∣∣Af ∣∣∣2 e−ΓDt
∣∣∣∣qp
∣∣∣∣2
[
|λf |−2 +
(
Im
1
λf
xD +Re
1
λf
yD
)
ΓDt
+
( |λf |−2 + 1
4
y2D −
|λf |−2 − 1
4
x2D
)
(ΓDt)
2
]
, (8.158)
Γ(D0(t)→ f) = Nf
∣∣∣Af ∣∣∣2 e−ΓDt
[
1 +
(
−Im 1
λf
xD +Re
1
λf
yD
)
ΓDt
+
( |λf |−2 + 1
4
y2D +
|λf |−2 − 1
4
x2D
)
(ΓDt)
2
]
, (8.159)
with ΓD = (Γ1 + Γ2)/2. ∆mD and ∆ΓD are very small, because they are GIM-suppressed
by a factor of m2s/M
2
W . For this reason they are also difficult to calculate, because at
scales of order ms non-perturbative effects become important. A recent calculation, which
incorporates non-perturbative effects with the help of the quark condensate, can be found
in [54].
8.3.10 New Physics Effects in Meson Mixing †
The existence of new physics may modify the low-energy effective Hamiltonian governing
B and D physics in several ways: (i) via contributions to the Wilson coefficients of the
Standard Model operators, (ii) by generating new operators, or (iii) through the presence
of new CP violating phases. These effects may originate from new interactions in tree-level
meson decays or from the virtual exchange of new physics in loop-mediated processes. The
†Author: JoAnne Hewett
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scale of new physics is expected to be large compared to MW , and hence it is generally
anticipated that additional tree-level contributions to meson decays are suppressed [65].
However, large new contributions may be present in loop processes, making meson mixing
a fertile ground to reveal the influence of new interactions. All three above classes of new
physics contributions may play a role in meson mixing. Such effects may be discovered
in observables which are suppressed in the Standard Model, such as the asymmetry aqfs
measuring CP violation in Bd,s mixing or in D
0 meson mixing, they may modify the
mixing-induced CP asymmetries in B → ψKS and B → ππ decays, or they may alter
the precisely calculated SM value of the ratio of Bs to Bd mixing. We will discuss each of
these observables in this section. The effects of new physics on meson width differences is
described in Sect. 8.3.2.2.
8.3.10.1 Bd Mixing
It is well-known that new physics can play a large role in Bd mixing. One important
consequence of this is that the constraints in the ρ − η plane from ∆md can be altered,
resulting in a significant shift [66] of the allowed region in this plane from its Standard
Model range. This in turn modifies the expected values for sin 2β and sin 2α, even if new
sources of CP violation are not present. In fact, this comprises the most significant effect
from new physics on the CP asymmetries in B → ψKS and B → ππ decays in a large class
of models.
A model independent determination of such effects has been presented in Ref. [67]. New
physics contributions to Bd mixing can be parameterized in a model independent fashion
by considering the ratio
〈B0d |Hfull|B¯0d〉
〈B0d |HSM|B¯0d〉
=
(
rd e
iθd
)2
, (8.160)
where Hfull(SM) represents the Hamiltonian responsible for Bd mixing in the case of the
Standard Model plus new physics (just Standard Model), and rd(θd) represents the new
physics contribution to the magnitude (phase) of Bd mixing. In the Standard Model, the
unitarity triangle is constrained by measurements of sin 2β, sin 2α, the ratio of semileptonic
decays Γ(b→ uℓν)/Γ(b→ cℓν), and xd = CtR2t , where Rt is defined in Section 8.3.1.These
quantities are then modified in the presence of new interactions via aψKS = sin(2β + 2θd),
aππ = sin(2α − 2θd), and xd = CtR2t r2d. Note that the new phase contributions in aψKS
and aππ conspire to cancel in the triangle constraint and the relation α + β + γ = π is
retained.Measurement of these four quantities allows one to disentangle the new physics
effects and fully reconstruct the true unitarity triangle (i.e., find the true values of α, β,
and Rt) as well as determine the values of rd and θd in a geometrical fashion. This is
depicted in Fig. 8.5. While this technique is effective in principle, in practice it is limited by
theoretical uncertainties in xd , α, and the ratio of semileptonic decays, as well as discrete
ambiguities.
Model independent bounds on new physics contributions to Bd mixing can also be
directly placed from measurements of ∆md and sin 2β. In the class of models which respect
3 × 3 CKM unitarity, where tree-level B decays (in particular their phase) are dominated
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Figure 8.5: The model independent analysis in the ρ− η plane: (i) the aψKS ray,
(ii) the aππ circle, (iii) the xd circle, (iv) the semileptonic decay ratio circle. The γ
ray is given by the dashed line and the true β ray corresponds to the dotted line.
The true vertex of the unitarity triangle is at (ρ, η), while the point (ρ′, η′) serves
to determine rd and θd.
by the SM, and where Γ12 ≃ ΓSM12 , the new physics effects in Bd mixing can be isolated.
The modification to M12 can then be described as above in terms of rd , θd. The direct
determination of ∆md provides a bound on the magnitude of new physics contributions,
rd, while measurement of sin 2β constrains the new phase θd. Taking into account the
uncertainties on the values of the relevant CKM factors and the hadronic matrix elements,
present data constrains 0.5 ≤ rd ≤ 1.8 and sin 2θd ≥ −0.53 at 95% C.L. It is clear that large
contributions to Bd mixing from new interactions are still allowed, and may hence admit
for an exciting discovery as future measurements improve.
We note that another useful parameterization of new physics contributions which is
common in the literature is given by
MNP12 = h e
iσMSM12 , (8.161)
where these variables are related to the previous ones via
r2d e
2iθd = 1 + h eiσ . (8.162)
Constraints on this set of parameters from current data is presented in [68] in various classes
of models.
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These parameters can be related to new physics contributions in other observables. For
instance, the CP asymmetry in flavor-specific Bd decays (see Sect. 8.3.3), which is given by
adfs = Im
Γd12
Md12
, (8.163)
and has a value of −8× 10−4 in the Standard Model (see (8.138)), provides a good oppor-
tunity to probe the existence of new interactions. Since Γd12/M
d
12 is essentially real in the
Standard Model, the contributions of new interactions to the flavor-specific CP asymmetry
can be written as
adfs = −
(
Γd12
Md12
)
SM
sin 2θd
r2d
. (8.164)
The above bounds from present data on the new physics contributions to Bd mixing restrict
−2.1 ≤ a
d
fs
(Γd12/M
d
12)SM
≤ 4.0 . (8.165)
It is important to note that adfs can lie outside this range, if new new physics enhances Γ
d
12,
which is composed of CKM-suppressed decay modes.
There are a plethora of new physics scenarios which can yield substantial contributions
to Bd mixing; some examples are briefly cataloged here. Models which respect the structure
of the 3×3 CKM matrix contribute simply to the Wilson coefficient of the Standard Model
operator. This is best illustrated by the virtual exchange in the box diagram of charged
Higgs bosons which are present in flavor conserving two-Higgs-doublet models [69] and by
the contributions of supersymmetric particles [70] when a Standard Model-like super-CKM
structure is assumed.If the super-CKM angles (V˜ ) are allowed to be arbitrary, the structure
of the Wilson coefficients are altered. In this case, the supersymmetric amplitude relative
to that of the Standard Model is roughly given by ∼ (MW /m˜)n(V˜tdV˜tb/VtdVtb) and can
constitute a flavor problem for Supersymmetry if the sparticle masses, m˜, are near the
weak scale. The existence of a fourth generation would also modify the CKM structure of
the Wilson coefficients. New |∆B| = 2 operators are generated in scenarios [71] such as
Left-Right Symmetric models, theories of strong dynamics, as well as in Supersymmetry.
Tree-level contributions [72] are manifest in flavor changing two-Higgs-doublet models, in
scenarios with a flavor changing extra neutral gauge boson, and in Supersymmetry with
R-parity violation.Most of these examples also contain new phases which may be present
in Bd mixing. It is interesting to note that various forms of Supersymmetry may affect Bd
mixing in all possible manners!
While it is possible to obtain large effects in Bd mixing in all of these scenarios, it is
difficult to use ∆md at present to tightly restrict these contributions and constrain the
parameter space in the models, due to the current sizable errors on the Standard Model
theoretical prediction arising from the imprecisely determined values of the CKM factors and
the hadronic matrix elements. Frequently, other flavor changing neutral current processes,
such as b→ sγ, provide more stringent constraints.
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8.3.10.2 Bs Mixing
A similar analysis as employed above may be used to constrain new physics contributions
to Bs mixing. In the class of models which respect the 3×3 CKM unitarity and where tree-
level decays are dominated by the Standard Model contributions, we can again parameterize
potential new contributions to ∆ms via M12 = (rse
iθs)2MSM12 . This gives
∆md
∆ms
=
λ2R2t
ξ2
mBd
mBs
r2d
r2s
, (8.166)
which reduces to the Standard Model expression when rd = rs. The parameter θs can be
constrained once CP asymmetries in the Bs system are measured or, if θs is large, from
measurements of ∆Γs as described in Sect. 8.3.2.2.
As discussed above, the ratio ∆md/∆ms yields a good determination of the CKM ra-
tio |Vtd/Vts| within the Standard Model, since the ratio of hadronic matrix elements is
accurately calculated in lattice gauge theory. Remarkably, this remains true in many sce-
narios beyond the Standard Model. In a large class of models which retain the 3× 3 CKM
structure, the virtual exchange of new particles in the box diagram alters the Inami-Lim
function, but not the remaining factors in the expression for ∆md,s. The effects of new
physics thus cancel in the ratio. As an explicit example, consider charged Higgs exchange
in the box diagram within the context of two-Higgs-doublet models. The expression for the
mass difference in Bs mixing in this case is
∆ms =
G2FM
2
W
6π2
f2BsBBsηBsmBs |VtbV ∗ts|2
[
S(m2t /M
2
W ) + F (m
2
t/m
2
H± , tan β)
]
= ∆md ξ
2 mBs
mBd
|Vts|2
|Vtd|2 , (8.167)
where mH± represents the charge Higgs mass and tan β is the ratio of vevs. Here, we see
that the charged Higgs contribution is the same for Bd and Bs mixing (neglecting d- and
s-quark masses) and thus cancels exactly in the ratio. This cancellation also occurs in
several other classes of models, including minimal Supersymmetry with flavor conservation.
Notable exceptions to this are found in models which (i) change the structure of the CKM
matrix, such as the addition of a fourth generation, or extra singlet quarks, or in Left-
Right symmetric models, (ii) have sizable Yukawa couplings to the light fermions, such
as leptoquarks or Higgs models with flavor changing couplings, or (iii) have generational
dependent couplings, including supersymmetry with R-parity violation.
8.3.10.3 Mixing in the Charm Sector
The short distance Standard Model contribution to ∆mD proceeds through a W box di-
agram with internal d, s, b-quarks. In this case the external momentum, which is of order
mc, is communicated to the light quarks in the loop and can not be neglected. The effective
Hamiltonian is
H∆c=2eff =
GFα
8
√
2xw
[
|VcsV ∗us|2 (Is1 O −m2cIs2 O′) + |V ∗cbVub|2 (Ib3 O −m2cIb4 O′)
]
, (8.168)
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Figure 8.6: ∆mD in (a) the four generation Standard Model as a function of the
appropriate 4× 4 CKM elements, taking the b′-quark mass to be 100, 200, 300, 400
GeV from top to bottom, (b) the two-Higgs-doublet model II as a function of
tanβ = v2/v1 with mH± = 50, 100, 250, 500, 1000 GeV from top to bottom, and (c)
the flavor-changing Higgs model with tree-level contributions as a function of the
mixing factor, with mh0 = 50, 100, 250, 500, 1000 GeV from top to bottom.
where the Iqj represent integrals [73] that are functions of m
2
q/M
2
W and m
2
q/m
2
c , and O =
[u¯γµ(1− γ5)c]2 is the usual mixing operator, while O′ = [u¯γµ(1+ γ5)c]2 arises in the case of
non-vanishing external momentum. The numerical value of the short distance contribution
is ∆mD ∼ 5 × 10−18 GeV (taking fD = 200 MeV). The long distance contributions have
been computed via an intermediate state dispersive approach and in heavy quark effective
theory, yielding values [74] in the range ∆mD ∼ 10−17 − 10−16 GeV. The Standard Model
predictions are clearly quite small and allow for a large window for the observation of new
physics effects.
Since the Standard Model expectation is so small, large enhancements in ∆mD are
naturally induced by new interactions. A compilation of such effects in various models
and list of references can be found in [75]. This article shows that the present experimental
bound on D-mixing already constrains the parameter space in many scenarios, and an order
of magnitude improvement would exclude (or discover) some models. Here, for purposes of
illustration, we present the potential enhancements that can occur in three scenarios [66].
We examine (i) the case of a fourth generation to demonstrate the effect of heavy fermions
participating in the box diagram, (ii) the contributions from charged Higgs exchange in
flavor conserving two-Higgs-doublet models, which is often used as a benchmark in studying
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new physics, and (iii) the tree-level contributions in flavor-changing Higgs models, where the
flavor changing couplings are taken to be λh0fifj ∼ (
√
2GF )
1/2√mimj∆ij with ∆ij being a
combination of mixing angles.The mass difference as a function of the model parameters is
shown in Fig. 8.6 for each case. We see that in each case the parameter space is already
restricted by the current experimental value, and that an improvement in the bound would
provide a sensitive probe of these models.
8.4 Interesting decay modes †
In this section we list the decay modes which are useful for the determination of ∆mq, ∆Γq
and B meson lifetimes. Flavor-specific decay modes are summarized in Table 8.4, CKM-
favored decays into CP eigenstates are listed in Table 8.5 and decays which are neither
flavor-specific nor CP -specific can be found in Table 8.6.
quark decay hadronic decay remarks
b→ cℓ+νℓ Bd,s → D(s)−ℓ+νℓ
Bd,s → Xℓ+νℓ
b→ cud Bd → D(∗)−π+
Bd → D(∗)−π+π+π−
Bd → D∗−π+π+π−π0
Bd → D(∗)0ρ0 [→ K+π− or K+π+π−π−
or K(∗)+ℓ−νℓ etc.]
BR(ρ0 → π+π−) ≈ 100%.
The D(∗)0 must be detected in a
final state f such that D(∗)0 →
f is forbidden or suppressed.
Bs → D(∗)s −π+
Bs → D(∗)s −π+π+π−
Bs → D∗s−π+π+π−π0
Bs → D(∗)0KS [→ K+π− or K+π+π−π−
or K(∗)+ℓ−νℓ etc.]
b→ ccs Bd → ψK+π− mainly Bd → ψK(∗) [→ K+π−]
Bd → D(∗)+D(∗)−s
b→ ccd Bs → ψK−π+ mainly Bs → ψK(∗) [→ K−π+]
Bs → D(∗)s −D(∗)+
b→ cX Bd → D(∗)−X small contamination from
b→ ccd
Table 8.4: Interesting flavor-specific decays.
†Author: Ulrich Nierste
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quark decay hadronic decay remarks
b→ cud Bd → D(∗)0ρ0 [→ ρ0KS or KK or π+π−] The D(∗)0 must be detected
in a CP -specific final state f
(hence D(∗)0 → f is equally
allowed).
Bd → D(∗)0π+π− [→ ρ0KS or KK or π+π−] This decay mode has color-
unsuppressed contributions.
Bs → D(∗)0KS [→ ρ0KS or KK or π+π−]
b→ ccs Bd → ψKS
Bd → ψKSρ0 The Bd can decay into the
same final state KSρ
0.
Angular analysis separates
CP -eigenstates.
Bd → ψφKS or ψKSρ0 Angular analysis required.
Bd → ψφK∗ [→ KSπ0] Angular analysis required,
π0 is problematic.
Bd → D(∗)s +D(∗)s −KS Angular analysis required.
Bs → ψφ Angular analysis required.
Bs → ψKK or ψK∗K∗ Same remark
Bs → ψφφ Same remark.
Bs → ψη
Bs → ψη′
Bs → D+s D−s
Bs → D∗s+D∗s− Angular analysis required.
Bs → D(∗)+D(∗)− or D(∗)0D(∗)0 Non-spectator decays.
Bs → ψf0 CP -odd final state.
Bs → χc0φ CP -odd final state.
b→ ccd Bd → D+D− CP -even final state.
Bd → D∗+D∗−
Bd → ψρ0
Bs → ψKS
Bs → ψKSπ0 Mainly
Bs → ψK(∗) [→ KSπ0].
Table 8.5: Interesting CKM-favored decays into CP -eigenstates.
quark decay hadronic decay remarks
b→ ccs Bs → ψKK∗ combined with ψK∗K angular analysis plus
analysis analogous to
Bs → D±s K∓ required.
Table 8.6: Interesting CKM-favored decays into CP non-eigenstates accessible to
B and B.
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8.5 Introduction and Physics Input for CDF
This section summarizes technical issues and physics inputs that are relevant to mixing and
lifetime measurements at CDF. The CDF detector improvements that are critical for these
measurements are the following :
1. The Level-1 and Level-2 trigger systems have been upgraded to allow triggers on high
momentum tracks at Level-1, using the central drift chamber (“XFT”), and on large
impact parameter tracks at Level-2, using the silicon vertex detector (“SVT”). This
in turn allows CDF to trigger on all-hadronic decays of b hadrons, such as Bs → Dsπ.
Extensive simulations, together with run I data, have been used to estimate trigger
rates and event yields for the analyses discussed below.
2. The silicon vertex detector has been upgraded for improved silicon tracking and ex-
tended fiducial coverage. This upgrade is most relevant to analyses which depend
critically on vertex position resolution, in particular the measurement of Bs mixing.
3. The CDF muon system has been upgraded to allow extended fiducial coverage and
lower trigger thresholds. The increase of the fiducial volume is treated as a simple
scale factor for all analyses using muons; the change in trigger threshold applies to
the analysis of central di-muons only.
The basic information needed to make projections for Tevatron Run II is the event yield
for the b hadron decay channels in question. Projections are relatively simple for channels
obtained from lepton triggers using extrapolations from the Run I data. An example of
this scaling is given in 6.2.2. The projections for channels which are triggered by the newly
implemented displaced track trigger system, often referred to as the hadronic trigger, are
more difficult and are based primarily on simulations.
The CDF trigger system is organized in three levels of which only the first two are
simulated for the following studies, since the third level should not reject good signal events.
In addition to the trigger simulation, physics inputs are needed for the total B cross sections
and production and branching fractions. Both the physics inputs and the description of the
trigger simulation are given below. Some of the issues are already partially covered in the
CP violation chapter in Section 6.2.2. Here the emphasis is mostly on the hadronic trigger.
8.5.1 Physics Input
TheMonte Carlo program Bgenerator [76] is used to generate b hadrons; it parameterizes the
pT and y distributions for b quarks according to next-to-leading-order calculations [77]. The
b quarks are fragmented into b hadrons using the Peterson [78] function with a fragmentation
parameter value of ǫb = 0.006. The CLEO Monte Carlo Program QQ [79] is used to decay
the b hadrons. Events generated with Bgenerator contain particles only from the decay of
the b hadrons, and do not include particles produced in the b quark fragmentation or the
underlying event from the pp collision.
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Quantity Value Reference
B(D+s → φπ+) (3.6 ± 0.9) × 10−2 [82]
B(D+s → K+K∗0) (3.3 ± 0.9) × 10−2 [82]
B(D+s → π+π+π−) (1.0 ± 0.4) × 10−2 [82]
B(D0 → K−π+) (3.85 ± 0.09) × 10−2 [82]
B(D0 → K−π+π+π−) (7.6 ± 0.4) × 10−2 [82]
B(Λ+c → pK−π+) (5.0 ± 1.3) × 10−2 [82]
B(Λ+c → Λπ+π−π+) (3.3 ± 1.0) × 10−2 [82]
B(Λ→ pπ−) (63.9 ± 0.5) × 10−2 [82]
B(φ(1020) → K+K−) (49.1 ± 0.8) × 10−2 [82]
B(K∗(892)→ Kπ) 1 [82]
fΛb (0.116 ± 0.020) × 10−2 [82]
fs/(fu + fd) (0.213 ± 0.038) × 10−2 [81]
σ0B(pT(B
0) > 6 GeV; |y| < 1) (3.52 ± 0.61)µb [80]
Table 8.7: Physics input used for event yield estimates.
Quantity Value Reference
B(Bs → Dsπ) (3.0± 0.4) × 10−3 from B0 [82]
B(Bs → Dsπππ) (8.0± 2.5) × 10−3 from B0 [82]
B(Bs → DsDs) (8.0± 3.0) × 10−3 from B0 [82]
B(Bs → D∗sDs) (2.0± 0.6) × 10−2 from B0 [82]
B(Bs → D∗sD∗s) (2.0± 0.7) × 10−2 from B0 [82]
Table 8.8: Branching fraction estimates for Bs decays.
The overall production cross section is normalized using the CDF measurement for
B0 production with pT > 6 GeV, |y| < 1 [80]. The Bs and Λb production fractions in pp¯
collisions are based on the CDF measurement of fs/(fu+fd) [81] and the world average value
for fΛb , respectively. Assuming the b hadron production spectra follow the distributions
from [77], and using the CDF measurement from Reference [80], a total production cross
section for B0 mesons of 50.1 µb is obtained. Table 8.7 lists the measured rates and
production fractions assumed in the CDF analyses, together with the relevant hadronic
decay branching fractions that are known. In addition, we have estimated the branching
fractions for b-hadron decays that have not been measured directly, using various symmetry
assumptions as described below.
Branching Fraction Estimates Since many of the hadronic decay channels have so
far not been measured or even observed, certain branching ratios have to be estimated.
This is relatively simple for Bs decays, using related B
0 decay modes. These estimates are
summarized in Table 8.8. The related uncertainties should be small, on the order of roughly
10% in the form factors or 20% in the event yields.
For Λb baryons the situation is more complicated. Several patterns arise when comparing
bottom and charm branching fractions, as well as meson and baryon branching fractions.
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The most important is the fact that the branching fractions of B mesons are often quite
small compared to those of the corresponding D decays. For instance
B(B0 → D−π+) = (3.0 ± 0.4) × 10−3 ,
B(D0 → K−π+) = (3.83 ± 0.09) × 10−2 . (8.169)
Comparing the two gives a B to D ratio of 0.08. One might suppose, neglecting that c→ s
involves a light quark, that the widths of these modes would be similar, but the total widths
reflected in the mean lifetimes are different. Moreover, the b sector involves considerably
more decay channels. The semileptonic decays, however, remain qualitatively different, and
do not scale in the same way.
A similar pattern for the hadronic decay modes may reasonably be expected for baryons.
Indeed, in the one hadronic branching fraction measured for the Λb, we have:
B(Λb → J/ψΛ) = (4.7 ± 2.8) × 10−4 ,
B(Λ+c → pK∗0) = (1.6 ± 0.5) × 10−2 ,
B(Λ+c → pφ) = (1.2 ± 0.5) × 10−3 . (8.170)
In comparing the Λ+c branching fraction to the Λb branching fraction, it is assumed that
virtual W− → cs occurs about as frequently as W− → ud. The Λb to Λ+c ratio is about
0.03 when comparing to Λ+c → pK∗0. A similar comparison can be made with the second
Λ+c decay mode, which, aside from the |Vus/Vud|2 factor, is most similar to Λb → J/ψΛ;
the ratio is about 0.02. However, since applying this factor to a color-suppressed mode is
problematic, the first ratio is preferred
gbc = 0.03 (8.171)
to multiply Λ+c hadronic branching fractions to obtain estimates of corresponding Λb frac-
tions.
Another difference between charm and bottom decays is that the bottom hadrons can
avail themselves of the virtual W− → cs transition which is disallowed for charm decays.
The ratio of branching fractions for an external W− → cs to W− → ud is similar to the
ratio of the square of the decay constants
g2Ds =
(
fD+s
fπ+
)2
=
(
280 MeV
130.7 MeV
)2
= 4.58 , (8.172)
the effect of which is seen in comparing branching fractions of B0 → D−D+s and D−π+,
with the usual caveats.
Adding a π+π− to the final state of a decay mode tends to result in a larger branching
fraction. This effect is observed in the mesons, but the ratio calculated among Λ+c modes
is preferred because of the different baryon structure:
gππ =
B(Λ+c → Λπ+π+π−)
B(Λ+c → Λπ+) =
3.3
0.9
= 3.7 . (8.173)
Report of the B Physics at the Tevatron Workshop
8.5. INTRODUCTION AND PHYSICS INPUT FOR CDF 389
Λb decay Λc decay B(Λ+c ) estimate B(Λb) estimate
Λ+c π
− Λπ+ b1 = (9.0 ± 2.8) × 10−3 b1gbc 2.6 × 10−4
Λ+c π
−π+π− Λπ+π−π+ b2 = (3.3 ± 1.0) × 10−2 b2gbc 9.7 × 10−4
pD0π−(nr) pK−π+(nr) b3 = (2.8 ± 0.8) × 10−2 b3gbc 8.2 × 10−4
pK− b1gbcgbugπK 8.1 × 10−6
pπ− b1gbcgbu 2.0 × 10−6
pπ−π+π− b2gbcgbu 7.4 × 10−6
Table 8.9: Branching ratio estimates for Λb decays using scale factors described
in the text.
Another factor is used to estimate the branching fractions where the external W yields
a D∗+s rather than a D
+
s . Here the B
0 branching fractions are used
g∗ =
B(B0 → D(∗)−D∗+s )
B(B0 → D(∗)−D+s ) =
1.0 + 2.0
0.80 + 0.96
= 1.7. (8.174)
A similar factor is obtained when comparing analogous decays with ρ+ and π+ final states
of B0 decays. Decay modes such as Λ+c → Λρ+ have not been observed.
Once certain b→ c branching fractions have been estimated, they are scaled by
gbu = |Vub/Vcb|2 ∼ 0.0077 (8.175)
to obtain estimates for corresponding b → u transitions. Finally, the recently measured
branching fractions
B(B0 → π+π−) = (4.3 ± 1.6) × 10−6, ,
B(B0 → K+π−) = (17.2 ± 2.8) × 10−6 , (8.176)
are used to estimate Λb → pK− from Λb → pπ−:
gπK =
17.2
4.3
= 4. (8.177)
The resulting branching ratio estimates for the different Λb decay modes are summarized
in Table 8.9.
8.5.2 Detector Simulation
Hadronic Trigger Only The Level-1 track trigger is based on a set of kinematic cuts
originally developed for two-body decays of neutral B mesons. The Level-1 triggering
algorithm is therefore based on pairs of XFT trigger tracks. To reduce the background of
inelastic collisions relative to B hadron production, only track pairs in which both tracks
have transverse momentum pT greater than a specified value are considered. Because of
the time that would be spent on combinatorics, an event with more than six such tracks
passes Level-1 automatically. For real B0 and B0s decays of interest, the two highest pT
tracks are correlated in angle and generally have opposite charge; consequently, the Level-1
requirements are chosen as follows:
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Bs decay ǫL1 ǫL2Bs ǫL2Bd ǫL2Tot ǫfid NRunII
Bs → Dsπ 0.025 0.0045 0.0029 0.0050 0.0027 36900
Bs → Dsπππ 0.018 0.0032 0.0018 0.0033 0.0011 38300
Bs → DsDs 0.019 0.0035 0.0015 0.0037 0.0014 2500
Bs → D∗sDs 0.016 0.0031 0.0011 0.0032 0.0013 5700
Bs → D∗sD∗s 0.014 0.0030 0.0011 0.0031 0.0012 5200
Table 8.10: Event yields for hadronic Bs decays relevant for CP violation and ∆Γs
measurements. Only the feasible Ds decays to φπ, K
∗K and πππ are considered.
Λb (sub)decay ǫL1 ǫL2Bs ǫL2Bd ǫL2Tot ǫfid NRunII
Λb → Λ+c π−(Λ+c → pK−π+) 0.026 0.0040 0.0029 0.0045 0.0031 2400
Λb → Λ+c π−π+π−(Λ+c → pK−π+) 0.017 0.0024 0.0014 0.0026 0.0012 3400
Λb → pD0π−(D0 → K−π+) 0.029 0.0043 0.0036 0.0048 0.0032 6100
Λb → pD0π−(D0 → K−π+π−π+) 0.020 0.0028 0.0018 0.0030 0.0012 4300
Λb → pπ− 0.056 0.0054 0.011 0.011 0.011 1300
Λb → pπ−π+π− 0.030 0.0041 0.0032 0.0046 0.0030 1300
Λb → pK− 0.056 0.0053 0.011 0.011 0.011 5400
Table 8.11: Event yields for most sizeable hadronic Λb decays.
• two tracks having opposite charge
• individual track pT > 2.0 GeV/c
• pT , 1 + pT , 2 > 5.5 GeV/c
• δφ < 135 deg
The Level-2 trigger is based on tracking information provided by the SVT [83,84]. One
application for the hadronic b trigger is the decay B0 → π+π−, where the two pions give
oppositely-charged tracks with high transverse momenta and large impact parameters. The
trigger is also used to select other multibody hadronic b decays, but due to the different
kinematics of these decays, the Level-2 selection criteria are modified to optimize the effi-
ciencies [84]. An event passes the Level-2 track trigger if it satisfies either option A) or
option B)
A) Multi hadronic B trigger
• 120µm < |d0| < 1mm
• 2 deg < δφ < 90 deg
• pT ·Xv > 0
B) Hadronic pair trigger
• 100µm < |d0| < 1mm
• 20 deg < δφ < 135 deg
• pT ·Xv > 0
• d0,B < 140µm
For an event to be useful in offline analysis after it passes the trigger, all the b hadron
decay products have to be reconstructible in the detector. The requirement for a b hadron
to be considered reconstructible in this simulation is that all its stable, charged daugh-
ter particles are within |η| < 1 and have transverse momenta greater than 400 MeV/c.
These requirements are probably conservative in two ways: first, track reconstruction in
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Run II will be possible over a larger η range; stand-alone silicon tracking will probably
be possible up to |η| < 2. Second, the reconstruction efficiency for the COT will be
similar to that for the CTC during Run I. The efficiency for track reconstruction in the
CTC extended down to pT ≃ 200 MeV/c and rose over the transverse momentum range
200 MeV/c < pT < 400 MeV/c, reaching about 93% for tracks with pT > 400 MeV/c.
Applying the trigger to various Bs and Λb decays, we estimate the event yields at the
two trigger levels. A summary of these estimates is given in Tables 8.10 and 8.11 for Bs
and Λb, respectively.
Hadronic Trigger Combined with Lepton Apart from the purely hadronic trigger
there is the possibility of using the hadronic trigger in conjunction with the lepton triggers.
Therefore, a single lepton requirement is combined with the requirement of a displaced track
in the SVT. This trigger option is studied for the semi-inclusive Bs → νℓDsX sample.
The additional requirement of a displaced track allows a lower threshold for the lepton
momentum, while keeping the trigger rate at a reasonable level. The trigger cross section
for an 8 GeV inclusive electron trigger would need to be prescaled in Run II. However, it is
possible to lower the cross section for a 4 GeV electron trigger below 100 nb by adding the
displaced track found by SVT with pT > 2 GeV/c and d0 > 120 µm.
Since Run I data are considered to be most reliable for predictions, the signal yield
for Run II CDF is obtained by scaling the Run I analysis results with the ratio of the
acceptances between Run I and Run II. The acceptance ratio between Run I and Run II is
obtained using a Monte Carlo sample of semileptonic Bs decays containing a Ds. The SVT
tracking efficiency is assumed to be ∼ 75% per track, or 56% for 2-tracks.
The ℓ+Ds sample composition is assumed to be,
• eDs : µDs = 50% : 50%
• Bs → ℓνDs : ℓνD∗s : ℓνD∗∗s = 2 : 5 : 0; D∗∗s usually decays to D0,±
The ET and SVT d0 resolutions are taken to be of 14%/
√
ET and 35 µm, respectively. All
tracks (ℓ, K, and π) are required to have pT > 400 MeV/c, and to be in the fiducial volume
of the tracking detector. The silicon vertex detector coverage is |z| < 30 cm in Run I and
|z| < 45 cm in Run II. The standard analysis Run I cuts are applied to the final state
particles, namely pT (K) > 1.2 GeV/c, pT (π) > 0.8 GeV/c, and 3 GeV/c
2 < M(ℓDs) <
5 GeV/c2.
The event yields for different lepton pT values are summarized in Table 8.12, which shows
signal yields per 2 fb−1. Choosing a value of 3 GeV/c lepton pT , roughly 40k semileptonic
Bs decay are obtained in 2 fb
−1 of integrated luminosity.
Rate Estimates – Hadronic Trigger Because the trigger rates depend on the way
in which the Tevatron is operated in Run II, different XFT trigger cuts were considered
for three different running scenarios. Scenario A corresponds to a luminosity of less than
1 × 1032 cm−2s−1 with collisions every 396 ns, while scenarios B and C correspond to
luminosities of 1 − 2 × 1032 cm−2s−1 with collisions every 132 ns and 396 ns, respectively.
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Trigger Run II/Run I NRun II
8 GeVℓ 1.0 14000
2 GeVℓ + SVT 5.9 64000
3 GeVℓ + SVT 4.0 43000
4 GeVℓ + SVT 2.7 30000
5 GeVℓ + SVT 1.9 21000
Table 8.12: Event yields corresponding to 2 fb−1 for semileptonic Bs decays (Bs →
νℓDsX) for different lepton pT trigger thresholds.
Scenario A Scenario B Scenario C
L < 1× 1032 cm−1s−1 1-2 × 1032 cm−1s−1 1-2 × 1032 cm−1s−1
BX interval 396 ns 132 ns 396 ns
p
(1)
T , p
(2)
T > 2 GeV/c > 2.25 GeV/c > 2.5 GeV/c
p
(1)
T + p
(2)
T > 5.5 GeV/c > 6 GeV/c > 6.5 GeV/c
δφ < 135◦ < 135◦ < 135◦
cross section 252± 18 µb 152 ± 14 µb 163 ± 16 µb
Table 8.13: Level-1 XFT trigger cuts and cross sections for the three Tevatron
operating scenarios considered.
The cuts considered for each scenario are listed in Table 8.13 along with the total cross
section. These expectations were derived using tracks recorded in Run I with additional hit
occupancy close to the beam axis generated using the MBR [85] Monte Carlo program. The
trigger cuts provide trigger rates which are compatible with the total Level-1 bandwidth of
approximately 50 kHz.
At Level-2, the impact parameter information associated with the tracks is available,
and the cuts described above are used to select b hadron decays. The requirements are
that the impact parameters of both tracks satisfy 120 µm < |d| < 1 mm, that their point
of intersection occurs with a positive decay length, and that their opening angle is further
restricted to δφ < 90◦. The trigger cross sections are reduced to approximately 489, 386 and
283 nb for scenarios A, B and C, respectively, and produce Level-2 trigger rates between
38 Hz and 67 Hz. This is well within the available Level-2 bandwidth of 300 Hz.
For efficiency estimates in the sections below, scenario A has been chosen. When imple-
menting trigger option B the numbers of expected events do not vary significantly compared
with the uncertainties quoted above. The trigger scenario C is not likely to be implemented,
asssuming that the Tevatron will be upgraded to 132 ns bunch spacing.
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8.6 Projections for ∆m
8.6.1 Bs mixing measurement at CDF
†
The probability that a Bs meson decays at proper time t in the same state, or has mixed
to the Bs state is given by
Punmix(t) =
1
2
(1 + cos∆mst) ,
Pmix(t) =
1
2
(1− cos∆mst) , (8.178)
where the mixing frequency, ∆ms, is the mass difference between the heavy and light CP
eigenstates.
The canonical Bs mixing analysis, in which oscillations are observed and the mixing
frequency, ∆ms, is measured, proceeds as follows. The Bs meson flavor at the time of
its decay is determined by reconstructing a flavor specific final state. The proper time,
t = mB0sL/pc, at which the decay occurred is determined by measuring the decay length,
L, and the Bs momentum, p. Finally, the production flavor must be tagged in order to
classify the event as being mixed or unmixed at the time of its decay. Oscillations manifest
in a time dependence of, for example, the mixed asymmetry:
Amix(t) =
Nmixed(t)−Nunmixed(t)
Nmixed(t) +Nunmixed(t)
. (8.179)
In practice, the production flavor will be correctly tagged with a probability Ptag which
is significantly smaller than unity. The functional form of the mixed asymmetry follows
Amix(t) = −D cos∆mst (8.180)
with the dilution, D, related to Ptag by D = 2Ptag−1. The mixing frequency is determined
for example by fitting the measured asymmetry to a function of this form.
So far, Bs oscillations have not been observed experimentally, and the lower limit on xs
is above 15. This means that Bs mesons oscillate much more rapidly than B
0 mesons. The
rapidity of theBs oscillation implies a significant difference in the experimental requirements
for the B0 and Bs analyses. The limiting factor in B
0 mixing analyses is solely the effective
tagging efficiency, which is equivalent to the effective statistics. In Bs mixing measurements
the resolution of the proper time becomes another very critical issue. To determine the
proper time, not only the positions of primary and secondary vertices have to be measured
precisely, but also the measurement of the Bs momentum is crucial. Therefore, it is desirable
to have fully exclusive final states such as Bs → Dsπ(Ds → φπ, φ → KK). Semileptonic
Bs decays have the intrinsic disadvantage that the neutrino momentum is undetected.
In Run I CDF reconstructed 220 and 125 Bs semileptonic decay events with fully recon-
structed Ds → φπ and Ds → K∗K channels, respectively, in low pT (> 8 GeV/c) inclusive
†Authors: M. Jones, Ch. Paus, M. Tanaka.
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lepton (e and µ) trigger samples [89]. An additional 600 semileptonic Bs decays were used,
reconstructed in the Ds → φX + track channel. Those events were part of the dilepton
(µµ and eµ) trigger samples, where the second lepton was used for the B flavor tag. The
best limit on xs was given by the dilepton trigger dataset [90].
In Run II much more statistics will be available using the lepton trigger, the lepton
trigger plus one secondary vertex track and the all hadronic trigger. From the event yield
estimates in Tables 8.12 and 8.10, we expect 40k events in the lepton plus displaced track
and 75k events in the all hadronic trigger.
In the following four sections the measurements of Bs mixing using semileptonic or
hadronic decays are discussed. Since the flavor tagging and the sensitivity estimates are
very similar for the semileptonic and hadronic Bs decay samples, they will be discussed
first.
8.6.1.1 Projections for Sensitivity to xs
The mixing frequency can be determined by calculating, for example, a maximum likelihood
function derived from the measured and expected asymmetries and minimizing this function
with respect to ∆ms. The significance of an observation of mixing is quantified in terms of
the depth of this minimum compared with the second deepest minimum or some asymptotic
value at large ∆ms. To a good approximation, the average significance is given as
Sig(∆ms) =
√
NǫD2
2
e−(∆msσt)
2/2
√
S
S +B
(8.181)
where N = S is the number of reconstructed Bs signal events, S/B is the signal-to-
background ratio, ǫ is the efficiency for applying the flavor tag with associated dilution
D, and σt is the average resolution with which the proper time is measured. This defini-
tion is essentially the same as what would be used to define nσ confidence intervals for a
Gaussian probability density function.
Given estimates for these parameters, the limit of sensitivity is defined as the maximal
value of ∆ms for which the significance is above a specified value. The studies described here
use the canonical 5 standard deviations to define an unambiguous observation of mixing.
In the following sections the estimates for N , ǫD2, σt and S/B are described.
8.6.1.2 Flavor Tagging Efficiency
In Run II, a Time-of-Flight detector will provide CDF with the ability to distinguish kaons
from pions at the 2σ level below a momentum of about 1.6 GeV/c. This allows two new
flavor tags to be implemented which rely on the charge of kaons identified in the event to
tag the production flavor of the Bs. As a summary, in Table 8.14 the tagging efficiency for
Bs → Dsπ expected for Run II is compared to equivalent numbers obtained in Run I. We
compare the standard figure of merit for each tagger, namely ǫD2. The two additional kaon
taggers are briefly explained below.
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Method Run I – ǫD2 Run II – ǫD2
SLT 1.7% 1.7%
JQT 3.0% 3.0%
SST(kaon) 1.0% 4.2%
OSK — 2.4%
Total 5.7% 11.3%
Table 8.14: Comparison of the various flavor taggers in terms of the ǫD2 parameter
between Run I and expectations for Run II. The most significant differences are the
kaon taggers based on the new Time-of-Flight detector.
Opposite Side Kaon Tag Due to the b→ c→ s weak decays, B-mesons containing a b
quark will be more likely to contain a K− in the final state than a K+. As for all the other
opposite side taggers the determination of the quark flavor on the opposite side determines
the flavor on the vertexing side, since bb quarks are produced in pairs.
For the opposite side kaon tagging, kaon candidates are selected that are well separated
from the reconstructed Bs decay. Kaon candidates coming from a b hadron decay are
separated from prompt kaons by requiring a large impact parameter. These requirements
are implemented by imposing an isolation cut of
∆Rηφ =
√
∆η2 +∆φ2 > 1 (8.182)
and a cut on the combined transverse and longitudinal impact parameters of
χ2d0z0 =
d20
σ2d0
+
z20
σ2z0
> 9. (8.183)
Tagging the production flavor of the Bs using the charge of the kaon selected in this way
gives a contribution to the tagging efficiency of
ǫD2 = (2.4 ± 0.2)%. (8.184)
Same Side Kaon Tag Same side kaon tagging in Bs decays is the equivalent of same
side pion tagging in B0 decays. In the hadronization process, when a Bs meson is produced,
an ss¯ pair must be popped from the vacuum during fragmentation. The remaining s or s¯
quark is likely to join with a u¯ or u quark to form a charged kaon. The charge of the kaon
thus depends on the flavor of the Bs meson at production.
To estimate the ǫD2 of the same side kaon tagging algorithm the same side pion tag-
ging algorithm is extended with particle identification using Time-of-Flight information. It
should be noted that ǫD2 for this algorithm is strongly dependent on the momentum spec-
trum of the Bs meson. Therefore, a rough simulation of the Level-1 and Level-2 triggers
are applied to the Monte Carlo sample. The Bs pT spectrum of this event sample peaks at
around 10 GeV/c, and ǫD2 is estimated to be
ǫD2 = (4.2 ± 0.3)%. (8.185)
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Figure 8.7: K factor as a function of the MℓDs (top), and K factor distribution
after the MℓDs correction (bottom).
8.6.1.3 Bs Mixing with Semileptonic Decays
As discussed in the introduction the key issue for semileptonic Bs decays is the resolution
of the proper time measurement. Including the estimates for flavor-tagged event yields, the
xs sensitivity determination is straightforward.
Proper Time Resolution The proper decay time in semileptonic decays is derived as
follows
ct =
LT (Bs)M(Bs)
pT (Bs)
=
LT (Bs)M(Bs)
pT (ℓDs)
·K, , K = pT (ℓDs)
pT (Bs)
, (8.186)
where the transverse decay length, LT (Bs), and transverse momentum, pT (ℓDs), are mea-
sured from data. The K factor which is used as an average correction for the the incomplete
Bs reconstruction is obtained from Monte Carlo samples, and M(Bs) is the Bs mass [82].
The proper time resolution is given as
σt = σt0 ⊕ t ·
σK
K
, (8.187)
where the constant term (σt0 ∼ 60 fs) is due to the beam spot and the vertex detector
resolution, and the K factor resolution (σK/K ∼ 14%) is due to the momentum spectrum
of the undetected particles, namely the neutrino in the Bs decay or the photon/π
0 in the
subsequent D∗s decay.
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Figure 8.8: K factor distributions after 3D vertexing correction with vertex de-
tector resolutions of σt0 = 60 fs and σLz = 50 µm.
The K factor depends strongly on the lepton + Ds invariant mass, M(ℓDs); this depen-
dence is shown in Figure 8.7 for the Ds and D
∗
s channels. Since the invariant lepton + Ds
mass is measured, this dependence is corrected for on an event-by-event basis to improve
the K factor resolution.
For the Bs → ℓDsX, X = ν + x channel, the following energy and momentum conser-
vation rules are given
EBS = EµDS + EX ,
pX = |~pX |2 = |~pBS − ~pµDS |2 = p2BS + p2µDS − 2pBSpµDS cosΘ, (8.188)
where Θ is the angle in the laboratory frame between the Bs and ℓ+Ds directions, which
are obtained using the 3D vertex information of the Run II SVX. By assuming MX = 0
the quadratic equation can be solved exactly. Notice that the equation gives generally two
solutions, K− < K+. The equation sometimes has nevertheless no physical solutions due to
the finite detector resolution. Furthermore, the equation does not give the correct answer
for the Bs → ℓνD∗s channel because of the missing photon, MX =Mνγ > 0.
The K factor distributions after all the trigger and offline selection cuts are shown in
Figure 8.8. A vertex resolution of σt0 = 60 fs and σLz = 50 µm has been assumed. The
Ds and the D
∗
s channels are displayed in the upper and lower plots, respectively. The
probability for the quadratic equation to have a real solution is approximately 50 percent.
However, the correction still improves the K factor resolution if there is a physical solution.
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Figure 8.9: K factor and time resolution for Bs → ℓνDs decays.
Since the 3D vertexing correction strongly depends on the Θ resolution, it improves for
longer Bs decay lengths. In Figure 8.9 the K factor and time resolutions are shown as
functions of the proper decay time for the Ds channel after the MℓDs correction and 3D
vertexing correction.
To perform the 3D vertexing correction, it is assumed that the correct solution, K− or
K+, is known, and that the M(ℓDs) corrected K factor is used if there are no physical
solutions. The K factor resolution is significantly improved for the longer decay time
events. Both channels Ds and D
∗
s show similar results. Unfortunately, the improved K
factor resolution is not sufficient to greatly improve the sensitivity to xs; practically all of
the sensitivity comes from the very short decay length events.
Backgrounds In Run I the signal to background ratio in Bs reconstruction in the semilep-
tonic channels was typically 1:1. Since the kinematics of the Run II event sample will be
somewhat different, a conservative signal to background ratio of 1:2 is assumed in the fol-
lowing.
Projected Sensitivity The parameters which influence the projected Bs mixing sensi-
tivity, calculated using equation 8.181, are summarized as follows:
N(Bs) : 43k see Table 8.12
ǫD2 : 11.3% see Table 8.14
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Figure 8.10: Sensitivity for measuring xs using Bs semileptonic decays for the
hadronic two track trigger (left) and the lepton plus displaced track trigger (right).
The dashed lines show the significance after MℓDs correction, the solid lines after
further applying the 3D vertex correction.
σt : see Figure 8.9
S/B : 1 : 2 as explained above
The analysis described above for the 3 GeV/c lepton plus displaced track triggers can
easily be extended to the hadronic two-track triggers defined in Table 8.13, where the trigger
path is satisfied by a semileptonic decay; given the large (∼ 20%) semileptonic combined
branching ratio, the hadronic trigger turns out to be highly efficient for semileptonic decay
modes. The significances for measuring xs for the two-track trigger (left) and the lepton
plus displaced track (right) are shown in Figure 8.10. The dashed lines show the significance
after the MℓDs correction, and the solid lines after the additional 3D vertexing correction.
The xs reach of the semileptonic decay sample is estimated to be about 30 for an observation
with five standard deviations. This is significantly less than that for the fully reconstructed
hadronic channels, which are discussed below, but it does provide an independent trigger
path.
8.6.1.4 Bs Mixing with Hadronic Decays
The fully hadronic event sample is particularly important for Bs mixing analyses since the
fully reconstructed decays Bs → D−s π+ and Bs → D−s π+π−π+ have excellent proper time
resolution, much smaller than the expected period of oscillation.
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Proper Time Resolution The proper time of aBs decay is calculated from the measured
decay length, and the reconstructed Bs momentum. The uncertainty on the proper time is
then given by
σt = t
√(
σL
L
)2
+
(
σP
P
)2
. (8.189)
To resolve the rapid oscillations of the Bs it is generally required that this resolution not be
significantly larger than the period of oscillation. For partially reconstructed semileptonic
Bs decays, the uncertainty in the momentum is the limiting factor in the mixing analyses.
However, for the fully reconstructed Bs decays obtained using the XFT+SVT triggers, the
momentum uncertainty will be less than 0.4%. This does not contribute significantly to the
overall proper time resolution and has been ignored in the projections described below.
Backgrounds To date, no hadron collider experiment has operated with a displaced track
based trigger. Hence, the level of backgrounds to be expected in the Bs sample is uncertain.
Data recorded by CDF in Run I based on the single lepton triggers are used to study the
purity of the Bs signal after imposing the XFT and SVT trigger cuts on the opposite side
b hadron decays.
It has been observed that even a modest decay length cut suppresses the light flavor
contribution significantly. Therefore, the main concern is that the signal is not overwhelmed
by background from events containing real b- and c-quarks.
Because of the small branching ratios of the Bs → D+s π−,D+s π+π−π− decays, few, if
any, such decays are expected to be present in the Run I data after imposing the XFT
and SVT trigger cuts. A similar set of cuts with higher efficiency was used to search for
the hadronic B0 and B+ decays in the Dπ final states. As a result of those studies it
is concluded that a signal to background ratio of 1:1 should be achievable. To see the
dependence of the significance on this parameter, this ratio is varied between 1:2 and 2:1
in the following projections.
Projected Sensitivity The parameters which influence the projected Bs mixing sensi-
tivity, calculated using equation 8.181, are summarized as follows:
N(Bs) = 75k see Table 8.12
ǫD2 = 11.3% see Table 8.14
σt = 0.045 ps
S/B = 1 : 2− 2 : 1 as explained above
The results are again presented in terms of the dimensionless mixing parameter xs =
∆msτBs where the Bs lifetime of 1.54 ps [86] is used. In addition to the analytic expression
for the sensitivity, Equation 8.181, an alternative analysis has been performed using a series
of simulated Monte Carlo experiments. The lifetime distributions of mixed and unmixed
decays are generated and the mixed asymmetry is fitted to Equation 8.180. An example
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Figure 8.11: Example of a single toy Monte Carlo experiment: the mixed asym-
metry distribution (left) and negative log-likelihood from the fit as a function of xs
(right)
of the mixed asymmetry distribution and the negative log-likelihood curve is shown in Fig-
ure 8.11. The negative log-likelihood curve is shown as a function of xs, obtained from
one of these Monte Carlo experiments. The comparison of the analytic expression with the
averages of many Monte Carlo simulations indicates that the analytic approximation is very
good.
The average significance for Bs oscillation measurements is shown in Figure 8.12. Var-
ious event yields and signal-to-background scenarios are considered. As stated above, the
default event yield is 75k events and the signal-to-background fraction is 1:1.
From the analytic expression, equation 8.181, the following 5 standard deviation sensi-
tivity limits are derived:
Maximum: 75k events xs =
{
74 for S/B = 2 : 1
69 for S/B = 1 : 2
Maximum: S:B = 1:1 xs =
{
73 for 125k events
59 for 25k events
The Monte Carlo samples give very similar results as indicated above. It is concluded that
even in the worst case the reach is xs ∼ 60.
Fits to various experimental results which assume the Standard Model indicate that
22.0 < xs < 30.8 at the 95% confidence level [87]. If mixing occurs near the frequency ex-
pected in the Standard Model, it should be easily observable by CDF in Run II. Figure 8.13
(left) shows the luminosity required to achieve an observation with an average significance
of 5 standard deviations as a function of xs. The figure indicates that if mixing occurs
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Figure 8.12: Average significance of mixing measurements expected as a function
of the mixing parameter xs for various event yields (left) and signal-to-background
ratios (right). The default is 75k events at a signal-to-background ratio of 1:1. The
shaded area is excluded by the combined world lower limit on xs.
within the context of the Standard Model, then it should be observed with a small fraction
of 2 fb−1, with CDF in a fully operational state.
While the significance of an observation of mixing is determined from the depth of the
minimum in the negative log-likelihood curve, the uncertainty on the measured value of xs
is determined by how sharp this minimum is. In the case of rapid oscillations, many periods
will be reconstructed over a few Bs lifetimes and the minimum is expected to be very sharp
leading to a small uncertainty.
The average uncertainty is described approximately by the analytic expression
1
σxs
=
√
NǫD2e−(xsσt/τ)
2/2
√
S
S +B
. (8.190)
The expected uncertainty from the analytic formula versus the mixing parameter, xs, is
shown in Figure 8.13 (right(). This formula is confirmed using a series of Monte Carlo
samples.
8.6.2 Bs mixing measurement at DØ
†
The expected luminosity of the Tevatron, 2 × 1032 cm−2s−1, in Run II will lead to a huge
rate for b b¯ production, ∼ 1011 events/year. These enormous statistics combined with the
upgraded detector will allow us to search for Bs mixing. The resulting measurement of
∆ms, when used to determine the ratio ∆md/∆ms using the well-measured value for ∆md,
†Authors: N. Cason, R. Jesik, and N. Xuan.
Report of the B Physics at the Tevatron Workshop
8.6. PROJECTIONS FOR ∆M 403
s mixing parameter, xsB
0 10 20 30 40 50 60 70 80
in
t. 
lu
m
in
os
ity
 fo
r 5
 s
ig
m
a 
ob
se
rv
at
io
n
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
Ex
cl
ud
ed
CDF
Sig:Bg = 2:1
Sig:Bg = 1:1 (default)
Sig:Bg = 1:2
s mixing parameter, xsB
0 20 40 60 80 100 120
s
st
at
is
tic
al
 u
nc
er
ta
in
ty
 o
n 
 x
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
1.8
2
Sig:Bg = 2:1
Sig:Bg = 1:1 (default)
Sig:Bg = 1:2
Ex
cl
ud
ed
CDF
Figure 8.13: Luminosity required to achieve a 5 standard deviation observation of
mixing (left) and the statistical uncertainty as a function of the mixing parameter,
xs (right). The curves on the right are calculated using Equation 8.190.
gives a theoretically clean measurement of |Vtd|2/|Vts|2. This puts a precise constraint on
the CKM parameters ρ and η.
For B0s mesons, existing data exclude small values of the mixing parameter xs =
∆ms/Γs, requiring xs > 19.0 at the 95% CL [82]. Consequently the mass difference ∆ms is
much larger than ∆md, and the B
0
s −B0s oscillation frequency will therefore be much higher
than that for the B0d . Excellent decay length and momentum resolutions are thus essential
in order to observe the rapid oscillations as a function of proper time.
Various decay modes of B0s mesons are under investigation by the DØ collaboration.
Among them are:
B0s → D−s (K−K+π−)π+, (BR = 1.1 × 10−4),
B0s → D−s (K−K+π−)3π, (BR = 2.8× 10−4),
B0s → J/ψ(µ+µ−, e+e−)K∗(K±π∓), (BR = 5.1× 10−6),
B0s → D−s (K−K+π−)ℓ+ν, (BR = 1.1 × 10−4). (8.191)
Taking advantage of the good SMT resolution, we can select Bs decays by using displaced
secondary vertices or using tracks with large impact parameters. The Bs final states will
be flavor tagged by the charge of the lepton, the charge of the reconstructed charm meson
or the charge of the kaon as appropriate.
The actual measurement strategy for xs will depend on the frequency of the oscillation.
For smaller oscillation frequencies, semileptonic Bs decays can be used. The lepton in the
final state provides an easy trigger, giving a large statistics sample. If nature cooperates, a
measurement in this range will come very early in Run II.
Report of the B Physics at the Tevatron Workshop
404 CHAPTER 8. MIXING AND LIFETIMES
π+   − 2M(    K   )  GeV/c
E
ve
n
ts
/1
0
 M
e
V
/c
2
600
400
200
0
800
E
ve
n
ts
/3
 M
e
V
/c
2
M(        )  GeV/cµ µ+  − 2
300
200
100
0
3.0 3.1 3.2 0.5 1.0
E
ve
n
ts
/5
 M
e
V
/c
2
M(            K  )  GeV/cµ µ   π+  − 2+   −
300
200
100
0
5.2 5.4 5.6
Figure 8.14: Effective mass distributions for the reconstructed: (a) µ+µ− system,
(b) π+K− system, and (c) µ+µ−π+K− system. These distributions are prior to
using vertex and mass constraints.
For higher oscillation frequencies, the measurement becomes more difficult. Exclusive
decays must be used in order to achieve the necessary momentum (and therefore proper
time) resolution. Decays which DØ has focused on include: Bs → D−s π+(π−π+), where
the D−s decays to φπ
− or K∗−K0/K−K∗0; and Bs → J/ψK∗0 followed by J/ψ → e+e−
or µ+µ− and K∗0 → K−π+. We can only trigger on Bs decays into fully hadronic final
states when the other B in the event decays semileptonically. Using single lepton triggers,
we expect to be able to collect about a thousand reconstructed exclusive Bs decays in each
mode in the first two years, allowing us to measure xs values up to ∼ 20 − 30. We are
presently investigating better trigger scenarios, such as lowering the pT threshold of the
lepton and requiring another moderately high pT track (or tracks), which would increase
our ∆ms reach.
A Monte Carlo study of the Bs → J/ψK∗0 decay has been carried out in order to
estimate the number of events which will be in a data sample based on a 2 fb−1 exposure.
We have analyzed 20,000 events using the MCFast program. The events were generated
using Pythia and a simulation of the upgraded DØ detector. Each event had aBs → J/ψK∗0
decay as well as a generic B decay. The J/ψ decayed to µ+µ− (83% of the time) or µ+µ−γ
(17% of the time). (The radiative decays are not discussed further here.) The K∗0 decayed
to π+K−.
Event reconstruction efficiency was estimated using the geometric acceptance of the
silicon vertex detector and of the fiber tracker. (Tracking inefficiencies are not yet included.)
We find that 21% of the events have all four charged tracks reconstructed.
Shown in Fig. 8.14 are the reconstructed µ+µ−, π+K−, and µ+µ−π+K− effective mass
distributions for the reconstructed tracks. The mass resolution of the Bs improves by more
than a factor of two when vertex and J/ψ mass constraints are imposed. Effective mass
resolutions are given in Table 8.15.
Resolutions of vertex position, decay length, and proper time were estimated using
the nominal silicon vertex detector and fiber tracker resolutions. Shown in Fig. 8.15 are
distributions of the fitted minus measured decay length of the Bs, the fitted minus measured
proper decay time of the Bs, and the ratio of the decay length to the error in the decay
length (L/σL). We summarize the resolutions in vertex positions, decay length and proper
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Quantity Level σ (MeV/c2)
M(Bs) Reconstruction 37
M(Bs) J/ψ mass fit 15
M(µ+µ−) Reconstruction 29
Table 8.15: Mass Resolutions
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Figure 8.15: Distributions of: (a) the reconstructed Bs decay length minus the
generated Bs decay length; (b) the reconstructed Bs proper time minus the gen-
erated Bs proper time; and (c) the reconstructed Bs decay length divided by its
error.
time in Table 8.16.
In order to get a realistic estimate of the number of events which would be available
for analysis, additional cuts were placed on the sample. The muons were required to have
pT > 1.5 GeV/c and to have |η| < 2. A total of 24% of the reconstructed events satisfied
these cuts. Combined with the reconstruction efficiency of 21%, we are left with a sample
of 5.0% of the generated events for further analysis.
For most purposes, additional cuts will be required to obtain a sample of events with
a good signal-to-noise ratio. To estimate the sample size after such cuts, we impose a cut
on the variable L/σL. Of the 5.0% of the events satisfying all the previous cuts, 83% have
L/σL > 2.0, 73% have L/σL > 3.0, and 63% have L/σL > 4.0. The required cut value will
not be known until the data is in hand, but we use the L/σL > 3.0 cut for further estimates.
Hence the overall combined efficiency which we use below is (.050)*0.73=0.036.
In order to do mixing studies, it is necessary to tag the flavor of the Bs (or Bs). This
can be tagged if we identify the sign of the charged kaon in the K∗. Although DØ does
Quantity σ
Production vertex (x,y, and z) (µm) 34, 34, 80
Decay vertex (x,y, and z) (µm) 50, 50, 140
Bs decay length (µm) 140
Proper time (ps) 0.40
Table 8.16: Resolutions
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not have particle identification in the traditional sense, it is possible in this event sample to
determine whether the positive or negative particle from the K∗ decay is the charged kaon
by calculating the effective mass under the two assumptions (K+π− and K−π+) and taking
as correct that combination which gives an effective mass closest to the nominal K∗ mass
(0.890 GeV/c2). We find that we are correct using this assignment 67% of the time. Flavor
tagging of the other b quark will have the efficiency and dilution summarized previously in
Table 6.3.
Using estimates of the bb production cross section (158 µb); the fraction of this cross
section producing Bs (0.167); the Bs → J/ψK∗0 branching ratio (5.1 x 10−6); the J/ψ →
µ+µ− branching ratio (0.06); the luminosity (2 fb−1); and the overall combined efficiency
from above (.036), we obtain a signal of 1000 events. We would expect a similar sample
will be obtained using the J/ψ → e+e− mode.
8.6.3 Measurement of Bs Mixing in BTeV
†
In this section, the xs reach of BTeV will be demonstrated using Bs → D−s π+ and Bs →
J/ψK∗0. This study was carried out in several steps, the first step being a simulation of the
BTeV detector response to signal events. The output of this step was treated as real data
and passed through a physics analysis program to determine the yield, the time resolution
and the signal-to-background ratio in each mode. This information was then passed to a
separate program which computed the xs reach; this program is discussed in section 8.6.3.2.
A separate background study was performed.
8.6.3.1 Yields, Resolutions and Signal-to-Background Ratios
The mode for which BTeV has the most sensitivity to xs is Bs → D−s π+, where the D−s
decays either by D−s → φπ−, φ → K+K−, or by D−s → K∗0K−, K∗0 → K+π−. Both of
these D−s modes have narrow intermediate states and characteristic angular distributions,
both of which can be used to improve the signal-to-background ratio.
For this study, Monte Carlo events were generated using Pythia and QQ and the detector
response was simulated using BTeVGeant. The simulated events were analyzed as real data.
For the Ds → φπ decay mode the following cuts were used:
• All tracks were required to have at least 3 hits in the silicon pixel detector.
• Each of the tracks in the Bs candidate were required to have an impact parameter
with respect to the primary vertex of > 3σ.
• To reduce the background due to tracks that really come from other interactions it
was required that all 4 tracks have an impact parameter with respect to the primary
vertex of less than 0.2 cm.
†Author: R. Kutschke.
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• At least one of the kaons from the φ decay was required to be strongly identified
as a kaon by the RICH detector. The second kaon was only required to be loosely
identified. No particle ID requirements were placed on the pion candidates.
• The φ and Ds candidates were required to be within ±2.5σ of their nominal masses.
• It was required that the distance between the primary vertex and Ds decay vertex be
L < 8.0 cm and the Ds decay vertex have a decay length significance of L/σL(Ds) >
10.0.
• It was required that the Bs have decay length significance of L/σL(Bs) > 4.0.
• The Bs candidate was required to point back to the primary vertex: the transverse
momentum of the Bs with respect to its line of flight from the primary vertex was
required to be less than 1.0 GeV/c and the impact parameter of the Bs with respect
to the primary vertex was required to be less than 3σ.
The combined geometric acceptance and reconstruction efficiency was found to be 2.7%.
Of the events that passed these analysis cuts, 74% passed the level 1 trigger. For the
Ds → K∗K mode we used the same cuts except that both kaons from the Ds decay were
required to be identified in the RICH. There was also a broader cut on the intermediate K∗
mass. The combined reconstruction efficiency and geometric acceptance for the Ds → K∗K
mode was found to be 2.3%, and the level 1 trigger efficiency for the events passing the
analysis cuts was 74%. For both modes the resolution on the mass of the B was found to
be 18 MeV/c2 and the mean resolution on the proper decay time was found to be 43 fs.
The nominal acceptance of the BTeV level 2 trigger for the accepted events is 90% of the
events which remain after the level 1 trigger. The nominal flavor tagging power of BTeV
was estimated in chapter 5 to be ǫD2 = 0.1 which arises from ǫ = 0.70 and D = 0.37.
It is believed that the dominant source of backgrounds will be events of the form
Xb → D−s X, where Xb may be any b flavored hadron. The background combinations arise
when a true D−s combination is combined with some other track in the event. An MC-
Fast based study of 1 million B → D−s X events was performed using an older version of
the detector geometry, the one used for the BTeV Preliminary Technical Design Report
(PTDR) [91]. Comparisons between BTeVGeant and MCFast, and comparisons between
the old and new detector geometries, show that these background studies remain valid.
When the 1 million B → D−s X events were passed through MCFast and analyzed as real
data, 8 entries remained in a mass window 6 times larger than the mass window used to
select signal Bs candidates. From this it is estimated that the signal-to-background ratio in
this channel is 8.4:1. This study was performed without the proper treatment of multiple
interactions in one beam crossing. To account for this, the signal-to-background ratio used
in the estimate of the xs reach is 3:1.
The background from direct charm production has not yet been investigated. While
direct charm production has a cross-section about 10 times higher than that for production
of charm via B decay, it is triggered much less efficiently. Moreover the the requirement of
two, distinct detached vertices greatly reduces the background from direct charm. In the
end it is expected that the background from B → D−s X will dominate.
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Quantity Value Yield
(Events/year)
Luminosity: 2× 1032 cm−2s−1
One Year: 107 s
σb b¯: 100 µb
B(Bs → D−s π+): 3.0× 10−3
B(D−s → φπ−): 0.030
B(D−s → K∗0K−): 0.036
B(φ→ K+K−): 0.49
B(K∗0 → K+π−): 0.67
B(b¯→ Bs) 0.13 6,210,000
ǫ(Geometry + cuts : φπ−) 0.027
ǫ(Geometry + cuts : K∗0K−) 0.023
ǫ(Trigger) Level 1 0.74
ǫ(Trigger) Level 2 0.90
ǫ(Tag) 0.70 72,000
Tagging Dilution 0.37
S/B 3:1
σ(Proper Decay time) 43 fs
Table 8.17: Projected yield for Bs → D−s π+ in one year of BTeV running. The
numbers in the third column give the expected yield when all of the factors down
to and including that line have been considered. The branching fraction B(Bs →
D−s π
+) was estimated to be the same as B(Bd → D−π+).
Table 8.17 gives a summary of the preceding results and discusses a list of all assumptions
which went into the computation of the yield. The value for B(b¯ → Bs) is obtained from
Reference [92]. In one year it is expected that 72,000 events will trigger, survive all analysis
cuts and have their birth flavor tagged.
Another mode with good xs sensitivity is Bs → J/ψK∗0, J/ψ → µ+µ−, K∗0 → K−π+.
Although this mode is Cabibbo suppressed, other factors are in its favor: the final state
consists of a single detached vertex and the state is triggerable with several independent
strategies, including impact parameter triggers, secondary vertex triggers and dimuon trig-
gers [93]. While this mode does not have the xs reach of D
−
s π
+ it does cover much of the
expected range and it provides a powerful check with partly independent systematics.
For reasons of time limitations, the simulation of the J/ψK∗0 mode used MCFast, not
BTeVGeant. The analysis of this mode proceeded as follows. To be considered as part
of a signal candidate, a track was required to have at least 20 total hits and at least 4
pixel hits. The only further requirement placed on π± candidates was that they have a
momentum greater than 0.5 GeV/c. In order to be considered a muon candidate, a track
was required to have a momentum p > 5 GeV/c, to penetrate the hadron filter and to leave
hits in the most downstream muon chambers. Kaon candidates were required to satisfy a
simplified model of the RICH system: the track was required to have a momentum in the
range 3 < p < 70 GeV/c and was required to have hits in the tracking station downstream
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of the RICH mirror. True kaons which satisfied this criteria were identified as kaons with
an efficiency of 90%; other hadrons which satisfied this criteria were (mis)identified as kaons
3% of the time.
A µ+µ−K−π+ combination was accepted as a Bs candidate if the confidence level of
fitting all four tracks to a single vertex was greater than 0.005. It was also required that the
resonant substructure requirements be satisfied. Combinations were considered for further
analysis provided the decay length of the Bs candidate, L, satisfied L/σL > 10 and the
impact parameter of the Bs candidate with the primary vertex, d, satisfied d < 3σd. Each
of the four Bs granddaughters were required to have an impact parameter with the primary
vertex, d, of d > 2σd. Candidates with poor time resolution were rejected by demanding
σt ≤ 0.09 ps. Also the mass of the J/ψ was constrained to its PDG value. The above
procedure found that the efficiency for the 4 tracks to be within the fiducial volume of the
tracking system was 14.2 ± 0.3% and the efficiency for the remaining candidates to pass
the analysis cuts was 0.29 ± 0.01. The resolution on the mass of the Bs was found to be
8.6 ± 0.3 MeV/c2 and the mean resolution on the proper decay time was found to to be
36 fs.
The BTeV Level 1 trigger simulation was run on the J/ψK∗0 sample and, of the candi-
dates which passed all analysis cuts, 68± 2% also passed the trigger; the error is statistical
only. However, this mode can also be triggered by the dimuon trigger. Section 8.3, of the
BTeV proposal [94], which describes the algorithms and performance of the muon trigger,
estimates a trigger efficiency of 50% for this decay mode. There is, as yet, no calculation of
the total Level 1 trigger efficiency which takes into account the correlations between the two
triggers. For this proposal it will be estimated that the combined Level 1 trigger efficiency
is 85%. As for the Dsπ final state, the Level 2 trigger is expected to have an efficiency of
about 90%.
By far the dominant background is expected to come from decays of the form Xb →
J/ψX, J/ψ → µ+µ−, where Xb is any b flavored hadron. An MCFast based simulation of
500,000 such decays was performed and the signal-to-background level was estimated to be
about 2:1. Some sources of background that one might, at first, think to be important turn
out not to be a problem. First, the more copious Bs → J/ψ φ final state is not a significant
source of background because of the excellent particle ID provided by the RICH system.
Second, the mass resolution is sufficient to separate the decay Bd → J/ψK∗0.
Finally, the expected yield can be increased by at least 50% by using the decay mode
J/ψ → e+e−. This mode will have an efficiency for secondary vertex triggers which is
comparable to that for J/ψ → µ+µ− but the acceptance of the ECAL is smaller than that
of the muon detectors. The smaller acceptance of the ECAL is somewhat offset by also
using the RICH for electron identification.
The information reported here is summarized in Table 8.18 and is used in the mini-
Monte Carlo described in the next section. The estimate for B(Bs → J/ψK∗0) is obtained
from Reference [93] and that for B(b¯→ Bs) is obtained from Reference [92].
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Quantity Value Yield
(Events/year)
Luminosity: 2× 1032 cm−2s−1
One Year: 107 s
σb b¯: 100 µb
B(Bs → J/ψK∗0): 8.5 × 10−5
B(J/ψ → µ+µ−): 0.061
B(K∗0 → K−π+): 0.667
B(b¯→ Bs) 0.13 180000
ǫ(Geometric) 0.142
ǫ(Analysis cuts) 0.26 6600
ǫ(Trigger) Level 1 Tracking only 0.60
ǫ(Trigger) Level 1 Total 0.85
ǫ(Trigger) Level 2 0.90 5100
ǫ(Tag) 0.70 3600
Include J/ψ → e+e− 1.5 5300
Tagging Dilution 0.37
S/B 2:1
σ(Proper Decay time) 36 fs
Table 8.18: Projected yield for Bs → J/ψK∗0 in one year of BTeV running. The
numbers in the third column give the expected yield when all of the factors down
to and including that line have been considered. The trigger efficiency is quoted as
a fraction of those events which pass the analysis cuts.
8.6.3.2 Computation of the xs Reach
The final step in the study was to use a mini-Monte Carlo to study the xs reach of BTeV.
This mini-Monte Carlo generates two lifetime distributions, one for mixed events and one
for unmixed events, smears the distributions and then extracts a measured value of xs
from a simultaneous fit of the two distributions. The time smearing is a Gaussian of fixed
width, using the mean time resolutions determined above. The model includes the effects of
mistagging, background under the signal, and the minimum time cut which is implied by the
L/σL cut. It is assumed that the lifetime distribution of the background is an exponential
with the same mean lifetime as that of the Bs.
Figures 8.16 a) and b) show the proper time distributions which result from one run of
the mini-Monte Carlo for a generated value of xs = 40. The simulation is for the decay mode
Bs → D−s π+ for one month of BTeV running. Part a) shows the proper time distribution
for unmixed decays while part b) shows the distribution for mixed decays. Part c) of the
figure shows, as a function of xs, the value of the unbinned negative log likelihood function
computed from the simulated events. A clear minimum near the generated value of xs is
observed and the likelihood function determines the fitted value to be xs = 39.96 ± 0.08.
A step of 0.5 in the negative log likelihood function determines the 1 σ error bounds and a
line is drawn across the figure at the level of the 5 σ error bound.
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Figure 8.16: Mini Monte Carlo proper lifetime plots of a) unmixed and b) mixed
decays for a generated value of xs = 40. The plots simulate the results of the
Bs → D−s π+ channel after one month of running. The oscillations are prominent.
Part c) shows the negative log likelihood function which was obtained from the
entries in parts a) and b). A prominent minimum is seen at the generated value of
xs. The dashed line marks the level above the minimum which corresponds to 5 σ
significance.
This figure nicely illustrates the distinction between two quantities which are often
confused, the significance of the result and the error on xs. The significance of the signal
is determined by how far the depth of the global minimum falls below that of the next
most significant minimum. The error on xs is determined by the curvature of the likelihood
function at the global minimum. While these quantities are clearly related, they are distinct;
in particular, the significance of the signal is not the relative error on xs.
The error returned by the fit was checked in two ways. First, an ensemble of mini-
Monte Carlo experiments was performed and the errors were found to correctly describe the
dispersion of the measured values about the generated ones. Second, the errors returned by
the fit were found to be approximately equal to the Cramer-Rao minimum variance bound.
The mini-Monte Carlo was also used to study the level of statistics below which the
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Figure 8.17: The same likelihood function as in part c) of the previous figure but
obtained using the integral method described in the text. The overall shape is the
same but the statistical fluctuations have been removed. There is also an overall
level shift which is related to the goodness of fit in the previous figure.
experiment is unable to measure xs. As the number of events in a trial is reduced, the
negative log likelihood function becomes more and more ragged and the secondary minima
become more pronounced. Eventually there are secondary minima which reach depths
within 12.5 units of negative log likelihood ( 5 σ ) of the global minimum. When this
happens in a sufficiently large fraction of the trials, one must conclude that only a lower
limit on xs can be established. In the region of the parameter space which was explored,
the absolute error on xs was approximately 0.1 when this limit was reached. This was
independent of the generated value of xs; that is, the discovery measurement of xs will have
errors of something like ±0.1, even if xs is large, say 40.
It is awkward to map out the xs reach of the apparatus by running a large ensemble
of mini-Monte Carlo jobs; instead the following automated procedure was used. Following
ideas from McDonald [95], the sum over events in the likelihood function was replaced with
an integral over the parent distribution. Because the parent distribution does not have any
statistical fluctuations, the fluctuations in the likelihood function are removed, leaving only
the core information. An example of such a likelihood function is shown in Fig. 8.17.
A likelihood function computed in this way has the property that it scales linearly with
the number of events being simulated. This can be stated formally as follows. Let x0 denote
the generated value of xs and let L(x;x0, N) denote the value of the likelihood function,
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evaluated at x, for a sample which has a true value of x0 and which contains N events.
Then,
L(x;x0, N) = N L(x;x0, 1) . (8.192)
Now, one can define the significance of the minimum, n, as,
n2 = 2.0N [L(∞;x0, 1) −L(x0;x0, 1)] . (8.193)
For practical purposes ∞ was chosen to be 160. If one did not have to worry about the
missing statistical fluctuations it would be normal to define a significant signal as 5σ, or
n2 = 25. Instead, sufficient significance was defined as n2 = 31.25, by adding a somewhat
arbitrary safety margin; this allows for the usual 5σ plus a downwards fluctuation of up to
2.5σ anywhere else in the plot. Equation 8.193 was solved for N , which was then converted
into the running time required to collect N events. This procedure was repeated for many
different values of x0 to obtain Fig. 8.18. The solid line shows, for the D
−
s π
+ mode, the
number of years needed to obtain a measurement with a significance of 5σ plus the safety
margin. The safety margin reduces the xs reach at 3 years by only 3 or 4 units of xs. For
small values of xs, the effect of the safety margin is not visible. The dashed line shows the
same information but for the J/ψK∗0 mode; for this mode the effect of the safety margin
is similarly small.
Inspection of Fig. 8.18 shows that, using the D−s π
+ mode, BTeV is capable of observing
all xs less than 75 in one year of running, which is equivalent to an integrated luminosity
of 2 fb−1.
8.6.4 Summary of Projections for Mixing
The Standard Model expectation for Bs mixing is 22 < xs < 31 [87]. All three experiments
CDF, DØ and BTeV have shown that they will be able to reconstruct a substantial amount
of Bs decays which will allow for mixing studies.
With 2 fb−1 CDF and BTeV safely cover the range for mixing as predicted by the
Standard Model. The CDF sensitivity for a 5 standard deviation observation reaches from
xs values of 59 to 74 depending on the event yields and the signal-to-background ratios.
BTeV’s sensitivity comfortably covers xs values of 75 with even some conservative safety
margins included. Due to the large event yields CDF will be able to observe Bs mixing
within the first few month of data taking provided that the displaced track trigger and the
silicon detector work as advertised.
Once the oscillations are observed the statistical uncertainty on xs will be small and
in conjunction with an accurate B0 mixing measurement it will constitute a stringent con-
straint on the unitarity triangle.
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Figure 8.18: The xs reach of the BTeV detector. The curves indicate the number
of years of running which are required to make a measurement of xs with a statistical
significance of 5 σ; a safety margin, discussed in the text, has been included in the
definition of 5 σ. The curves are for the two different decay modes indicated on the
figure.
8.7 Projections for ∆Γ
8.7.1 Bs Lifetime Difference in CDF
†
The promise of large Bs samples in Run II puts in reach the measurement of the width
difference between the two weak eigenstates of this meson. With its analysis of semileptonic
decays in Run I, CDF has already published a limit of ∆Γs/Γs < 0.85 at 95% confidence
level [96]. This limit was established by fitting the lifetime distribution of the ℓDs events
with two exponentials.
In Run II, however, it becomes possible to measure the lifetime of samples in which
the weak eigenstates are separated: for instance, 2 fb−1 of data yield approximately 4000
Bs → J/ψ φ events, which is expected to be dominated by the shorter-lived eigenstate, BHs ,
and for which an angular analysis is used to separate the two components [98]. Further it
is expected to yield roughly 75,000 of flavor-specific Bs → Dsπ and Bs → Dsπππdecays,
which are well-defined mixtures of BHs and B
L
s .
†Authors: Ch. Paus, J. Tseng
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It is straightforward to show that computing the difference between two lifetimes has
more statistical power than fitting for two exponentials or fitting for ∆Γs in Bs mixing in
flavor-specific samples. The leading term in taking the difference between two measured
lifetimes is ∆Γs. On the other hand, the lifetime distribution in a flavor-specific sample is
f(t) = ΓH
[
e−ΓH t + e−ΓLt
]
= ΓH e
−Γt
[
e−∆Γt/2 + e+∆Γt/2
]
= ΓH e
−Γt
[
1 +
(
∆Γt
2
)2
+ . . .
]
,
(8.194)
where ∆Γ enters as a second-order effect.
The Bs decay to D
+
s D
−
s is another valuable source of information to determine the
lifetime difference of the Bs meson. First of all D
+
s D
−
s is a pure CP even eigenstate and thus
its lifetime is a clean measurement of the CP even lifetime. In addition its branching fraction
directly measures ∆Γ/Γ under certain theoretical assumptions [99]. The complication in
this particular decay mode comes from the associated production of D∗±s .
8.7.1.1 Lifetime Difference Measurements
Bs → J/ψ φ The decay mode Bs → J/ψ φ has been analyzed at CDF in two Run I
analyses, examining its lifetime [106] and angular distributions [98] separately. The basic
strategy for Run II is to combine these two analyses into a maximum likelihood fit of the
proper decay time, and transversity angle of each candidate. In addition to account properly
for the background the invariant mass distribution will be simultaneously fitted.
The transversity angle,θT , is defined by the angle between the µ
+ and the z axis in the
rest frame of the J/ψ decay, where the z axis is orthogonal to the plane defined by the φ and
the K+ directions. This angle allows to distinguish CP even and CP odd components: the
probability density function for the CP even component is 38 (1 + cos
2 θT ) and for the CP
odd component is 34 sin
2 θT . The amplitude of the CP even component sums the squares
of the unpolarized and linearly polarized state amplitudes, |A0|2 + |A|||2, of the φ in the
J/ψ rest frame, and the CP odd component the square of the transversely polarized state
amplitude, |A⊥|2, of the same. The analysis depends upon the weak eigenstates being also
CP eigenstates which is a good approximation for the Bs → J/ψ φ decays.
A toy Monte Carlo study was performed to estimate the uncertainty in ∆Γs with 4000
Bs → J/ψ φ decays. The background shapes in mass and proper decay time and the relative
fraction of the signal to the background were assumed to be identical to that in the Run I
lifetime analysis. The mass resolution was assumed to be the same as in Run I, and all the
lifetime distributions were convoluted with the 18 µm resolution projected for Run II. The
background was assumed to have a flat transversity angle distribution.
The error on ∆Γs/Γs depends on the CP admixture of the final state. The decay
Bs → J/ψ φ is dominated by CP even eigenstates. Therefore the smaller the admixture of
CP odd component the larger the sensitivity. Assuming the CP composition as measured
in Run I [98] corresponding to a CP even fraction of 0.77 ± 0.19 the expected uncertainty
on ∆Γs/Γs is 0.05. This uncertainty varies between 0.08 and 0.035 for CP even fractions
of 0.5 and 1.0, respectively.
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Bs → D
(∗)+
s D
(∗)−
s The decay modes Bs → D(∗)+s D(∗)−s are also promising for lifetime
difference studies, though with smaller sample sizes. These decays are expected to be present
among the two-track trigger data. The decay Bs → D+s D−s , in particular, is purely CP even,
and requires no angular analysis. Its companion decays, involving D∗s decays, are expected
in the heavy quark limit, and in the absence of CP violation, to be sensitive to CP -even
Bs states as well [101]. While these decays are attractive in that they significantly increase
the sample size over that of Bs → D+s D−s alone, their identification is a challenge, since the
missing photons from the decay D∗+s → D+s γ and D∗+s → D+s π0 considerably broaden the
D+s D
−
s invariant mass distribution. On the other hand, the missing mass introduces only
about 3% to the proper lifetime resolution.
In a full GEANT based simulation and reconstruction of Bs → D(∗)+s D(∗)−s in the CDF
detector it is found that the three different cases are separated quite cleanly by using the
invariant mass spectrum of the charged decay products. Shifts in the invariant Bs mass
are due to the neutral particles which are not reconstructed. PYTHIA has been used to
generate b b¯ quarks and fragment them to b hadrons. The Bs mesons are decayed using the
CLEOMC program according to the branching ratios given in Table 8.8.
In Figure 8.19 the invariant mass spectra of the three different cases are depicted. The
spectra are essentially free of combinatoric background since the reconstructions of the
resonances at each step allow stringent cuts. For this picture the Ds is always decayed into
K∗0K which has more combinatorics than the φπ decay mode due to the large width of
the K∗0.
To estimate the error on the ∆Γs/Γs from this channel several assumptions have to be
made since this mode has not been reconstructed in Run I.
In the most conservative estimate only Bs → DsDs is used which is a clean CP even
state. GEANT based Monte Carlo studies indicate that a signal to background fractions
of 1:1 - 1:2 are achievable. This is similar to signal to background fraction achieved for the
decay mode Bs → νℓDs, measured in Run I. The expected error on the lifetime is 0.044 ps
is obtained using an event sample of 2.5k events and a signal to background fraction of
1:1.5. This converts into an error on ∆Γs/Γs of 0.06.
Assuming that also the other two decay modes involving D∗s mesons are clean CP even
modes a total of 13k events are available. The estimated error on ∆Γs/Γs is then reduced
to 0.025.
8.7.1.2 Related Branching Fractions
The decay modes Bs → D(∗)+s D(∗)−s are also interesting because it is expected that they
are the largest contribution to the actual difference between the heavy and light widths.
Indeed, the other decay modes are estimated to contribute less than 0.01 to the projected
∼ 0.15 value of ∆Γs/Γs [102]. The branching fraction to this final state is in the small
velocity (SV) limit related to ∆Γs by
B(BHs → D(∗)+s D(∗)−s ) =
∆Γs
Γs(1 +
∆Γs
2Γs
)
. (8.195)
Report of the B Physics at the Tevatron Workshop
8.7. PROJECTIONS FOR ∆Γ 417
mass(Ds+,Ds-)
4.6 4.8 5 5.2 5.4 5.6 5.8
N
um
be
r o
f e
nt
rie
s 
pe
r 1
2 
M
eV
0
2
4
6
8
10
12
14
Ds*Ds*
Ds*Ds Ds Ds
MonteCarlo
Figure 8.19: D+s , D
−
s invariant mass spectra for the three decay modes Bs →
DsDs (solid), Bs → D(∗)s Ds (large dashes) and Bs → D(∗)s D(∗)s (small dashes). The
Ds is always decayed into K
∗0K. The shaded background is the sum of the three
decay modes.
This method has been exploited by ALEPH, using φφ correlations, to obtain a value of
∆Γs/Γs = 0.25
+0.21
−0.14 [103]. However the small velocity assumption also referred to a Shifman-
Voloshin limit may be very approximative.
The following estimates are made assuming the validity of this limit. Further when
measuring branching fractions many systematic effects have to be considered. For example
the tracking efficiency for the kinematics of the particular decays has to be determined
carefully. Since it is difficult if not impossible to predict those effects only the statistical
uncertainties are discussed below.
The statistical error on the branching fraction for 13k events (see Table 8.10) with a
signal to background ratio of 1:1 is 0.012. Following Equation 8.195 the turns out to be also
the statistic uncertainty on ∆Γs/Γs since the branching ratio is very small. This uncertainty
deteriorates to 0.015 when making the signal to background ratio 1:2.
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8.7.1.3 Combined CDF Projection
With the analysis possibilities discussed thus far, the lifetime difference method conserva-
tively yields a statistical uncertainty of 0.04 on ∆Γs/Γs, utilizing both J/ψ φ and D
+
s D
−
s
decays and just using the lifetime measurements.
If one assumes that the decay modes involving D∗s are also mostly CP even the sample
for the lifetime measurement is extended and the branching ratios can be used in the SV
limit. This decreases the statistical uncertainty on ∆Γs/Γs to 0.01.
These numbers refer to the projected Run II luminosity of 2 fb−1 and bear all the caveats
mentioned in the text.
8.7.2 Estimate of Sensitivity on ∆Γ in BTeV †
Since ∆ΓBs is expected to be much larger than ∆ΓB0 , only projections for measurements
of ∆ΓBs have been studied at BTeV for this report. The B
0
s decay modes studied include
CP -even, CP -mixed and flavor specific decay modes and are listed in Table 8.19. The total
decay rate for the flavor specific decay B0s → D−s π+ is given by the average of the CP -even
and CP -odd rates. The decays B0s → J/ψη, J/ψη′ should be CP -even while the decay to
J/ψ φ is predominantly CP -even.
B0s Decay Mode CP Mode Branching Ratio BR Used
J/ψ φ Mostly CP -even (9.3 ± 3.3) × 10−4 8.9 × 10−4
J/ψη CP -even < 0.0038 3.3 × 10−4
J/ψη′ CP -even < 0.0038 6.7 × 10−4
D−s π
+ Flavor specific < 0.13 3.0 × 10−3
Table 8.19: The B0s decay modes studied for ∆ΓBs sensitivity studies at BTeV.
CDF has measured the CP -odd fraction of total rate for J/ψ φ to be 0.229±0.188(stat)±
0.038(syst) [104]. The all charged mode decay B0s → K+K− has a large enough expected
branching fraction (∼ 1×10−5) and reconstruction efficiency to get high statistics. However
although theK+K− final state is CP -even, the decay can proceed via both a CP conserving
Penguin contribution as well as a CP violating Tree level contribution. Unless the Penguin
contribution is completely dominant or the Penguin and Tree level contributions can be
exactly calculated it would be difficult to use this mode without significant theoretical
errors.
8.7.2.1 Signal yields and backgrounds
Estimation of the signal yields and signal/background ratios were determined using a MC-
FAST simulation for the B0s decay mode to J/ψ φ, while all the other modes were simulated
using a Geant simulation of BTeV. Although it is easy to simulate the signal to determine
†Author: H.W.K. Cheung.
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Figure 8.20: (a) The µ+µ− invariant mass and (b) the K+K− invariant mass
for a b b¯→ J/ψ φX background sample (open histogram) and for an appropriately
normalized B0s → J/ψ φ signal sample (filled histogram).
the reconstruction efficiency, the background simulation can be more troublesome. The
signal sample always has an average of two embedded min-bias events. Since it takes too
much time to generate enough background one has to determine which backgrounds are
dominant for a particular decay.
The decay B0s → J/ψ φ was studied through the decay channels J/ψ → µ+µ− and
φ → K+K−. Studies show that since the J/ψ → µ+µ− is expected to be so clean, the
dominant backgrounds come from b b¯ → J/ψX. For this study only backgrounds from
b b¯ → J/ψ φX have been studied. Figure 8.20(a) shows the µ+µ− invariant mass for a
b b¯ → J/ψ φX background sample compared to an appropriately normalized signal sample
of B0s → J/ψ φ. The two muons were required to form a vertex with a confidence level of
greater than 1%. Figure 8.20(b) shows a similar comparison for the K+K− invariant mass,
again with a vertex requirement of CL > 1%.
Figure 8.21(a) shows the µ+µ−K+K− invariant mass for the b b¯→ J/ψ φX background
sample without requiring that the µ+µ− andK+K− masses are consistent with the J/ψ and
φ masses respectively. The four tracks are required to form a single vertex with a confidence
level greater than 1%. This is compared in the plot to an appropriately normalized signal
sample. Figure 8.21(b) shows the J/ψ φ invariant mass plot with vertexing and requirements
on the µ+µ− and K+K− masses. The µ+µ− and K+K− masses are required to be within
±2σ of the true J/ψ and φ masses respectively. Both signal and backgrounds are included
in the plot and compared to the signal only sample. The signal/background ratio is seen
to increase when one applies a primary-to-secondary vertex detachment requirement of
L/σL > 15 in Figure 8.21(c). Where L is the 3-dimensional distance between the primary
vertex and the B0s decay vertex and σL is the error on L calculated for each candidate B
0
s
decay. For L/σL > 15 the reconstruction efficiency is 6.0%, and the signal/background ratio
is 47/1 with an error of 32% for the backgrounds considered.
Table 8.20 shows projections for the B0s → J/ψ φ signal yields for 2 fb−1. A total b b¯
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Figure 8.21: (a) The µ+µ−K+K− invariant mass for a b b¯→ J/ψ φX background
sample (open histogram) and for a correctly normalized B0s → J/ψ φ signal sample
(filled histogram). (b) J/ψ φ invariant mass for the background plus signal sample
(open histogram) compared to just the signal sample (filled histogram). (c) J/ψ φ
mass for L/σL > 15.
production cross-section of 100 µb is assumed and we take the fraction of B0s/B
0
s per b b¯ from
Pythia as 1 in 4.3. The branching fraction of B0s → J/ψ φ is taken to be equal to BR(B0d →
J/ψK0) = 8.9×10−4. A total of ∼41400 signal events is expected for 2 fb−1. The expected
error on the lifetime for 2 fb−1 was determined with a toy Monte Carlo generating 1000
experiments with 41400 signal events and S/B=47. The background lifetime distribution
was simulated with a short and a long lifetime component as seen in the background studies
and is typical of backgrounds seen in fixed target experiments. In the toy MC the short and
long components were set to be 0.33 and 1.33 ps respectively. A binned likelihood fit was
used to extract the measured lifetime for each of the 1000 experiments, where the lifetime
distribution from sidebands is used as a measure of the lifetime distribution in the signal
B0s mass region. The method is described in Reference [105]. The expected error is taken
to be the r.m.s. of the 1000 measured lifetimes and is 0.50%.
Quantity Value
Number of b b¯ 2× 1011
Number of B0s/B
0
s 4.7 × 1010
B0s → J/ψ φ B0s → D−s π+
J/ψ → µ+µ− D−s → φπ− D−s → K∗0K−
φ→ K+K− φ→ K+K− K∗0 → K+π−
# of Events 1.2 × 106 2.5× 106 3.1 × 106
Reconstruction efficiency (%) 6.0 2.7 2.3
S/B 47:1 3:1
L1 Trigger efficiency (%) 70 74
L2 Trigger efficiency (%) 90 90
# of reconstructed decays 41400 91700
Table 8.20: Projections for yields of B0s decays for 2 fb
−1 assuming a total b b¯
production cross-section of 100 µb.
Although the J/ψ φ signal sample can be obtained through the J/ψ → µ+µ− trigger,
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Figure 8.22: (a) Proper time distribution for reconstructed B0s → J/ψ φ; (b)
Reduced proper time distribution for the same decays, the line is an exponential fit.
the effect of the Level 1 vertex trigger on this mode was studied to determine the effect of
the L1 trigger on the lifetime analysis. Figure 8.22(a) shows the proper time (t = L/βγc)
distribution for reconstructed B0s → J/ψ φ signal events for a L/σL > 15 requirement.
The loss of short lifetime decays is due to the detachment requirement. One can obtain
an exponential distribution if we use the reduced proper time, t′ = t − NσL/βγc, for a
L/σL > N requirement. This starts the clock at the minimum required decay time for
each decay candidate and works because the lifetime follows an exponential distribution
irrespective of the when the clock is started. Figure 8.22(b) shows the reduced proper time
distribution and an exponential fit gives a lifetime of 1.536 ± 0.014 ps, compared to the
generated lifetime of 1.551 ps.
Figure 8.23(a) shows the reduced proper time after applying the Level 1 vertex trigger.
Short lifetime decays are again lost because the impact parameter requirements of the
Level 1 trigger effectively gives a larger minimum required decay time than NσL/βγc. The
lifetime acceptance function is just the observed reduced proper distribution divided by a
pure exponential with the generated lifetime and is given in Figure 8.23(b). In order to
extract the correct lifetime from the observed reduced proper time distribution one needs
the correct lifetime acceptance function. This is obtained from Monte Carlo and can be
checked by using decays modes like J/ψ φ that can be obtained with the L1 vertex trigger
and separately through the L1 J/ψ → µ+µ− dimuon trigger which has no vertexing selection
criteria. The L1 trigger lifetime acceptance correction obtained fromMC can also be checked
by taking samples of prescaled triggers that do not have the L1 trigger requirement.
Note that since the L1 trigger can increase the effective minimum required decay time
cut, if one puts on a large impact parameter selection requirement on the B decay daughters,
it may be possible to redefine the reduced proper time to take this into account and thereby
reduce the lifetime acceptance corrections with some lost of statistics. This still needs to
be studied and the details of the L1 trigger may change since one may be able to redesign
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Figure 8.23: (a) Reduced proper time distribution for reconstructed B0s → J/ψ φ
decays that pass the Level 1 vertex trigger; (b) Lifetime correction function, ob-
tained by dividing the distribution in (a) by a pure exponential distribution with
the generated B0s lifetime.
it to reduced the lifetime acceptance correction.
When an acceptance correction like that given in Figure 8.23(b) is simulated in the
toy Monte Carlo, the expected error on the measured lifetime increases to 0.58%, from the
previous value of 0.50%. For the decay mode B0s → D−s π+ where the signal to background
is smaller the effect is similar, the error increases to 0.44% when adding the acceptance
correction effects compared to 0.39%.
Tables 8.21 and 8.20 show the expected signal yields and signal/background ratios for the
decays modes B0s → J/ψη, B0s → J/ψη′ and B0s → D−s π+. Backgrounds from b b¯→ J/ψX
were studied for the decay modes B0s → J/ψη(′), while backgrounds from b b¯→ D+s X were
included in the B0s → D−s π+ analysis. Details of the analyses of these modes can be found
in Reference [94]. Expected errors on the lifetimes were determined using toy Monte Carlo
simulations as before, where acceptance corrections were also simulated for the D−s π
+ mode.
Table 8.22 gives the expected errors on the lifetimes for all modes.
Note that although only backgrounds from b b¯ → J/ψ φX were included in the study
of B0s → J/ψ φ to obtain the value of S/B=47/1, the effect of lower values of S/B were
studied. If the S/B is decreased to 10/1 which is the expected level for B0d → J/ψK0s [94],
the expected error on the measured lifetime only increases from 0.50% to 0.51% for 2 fb−1.
(For a much lower S/B=3/1 the expected error would be 0.58%.)
8.7.2.2 Results for ∆Γ/ΓBs Sensitivity
With just two lifetime measurements, like τCP+ and τCP−, which are defined as τCP+ =
1/Γ(Bevens ) and τCP− = 1/Γ(B
odd
s ), one can determine the error on ∆ΓCP/Γ from the errors
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Quantity Value
Number of b b¯ 2× 1011
Number of B0s/B
0
s 4.7 × 1010
B0s → J/ψη B0s → J/ψη′
J/ψ → µ+µ−
η → γγ η′ → ρ0γ η′ → π+π−η
# of Events 3.5× 105 5.4 × 105 3.2 × 105
Reconstruction efficiency (%) 0.71 1.2 0.60
S/B 15:1 30:1
L1 Trigger efficiency (%) 75 85
L2 Trigger efficiency (%) 90 90
# of reconstructed decays 1700 6400
Table 8.21: Projections for yields of B0s decays for 2 fb
−1 assuming a total b b¯
production cross-section of 100 µb.
Decay Mode Error on Lifetime (%)
2 fb−1 10 fb−1 20 fb−1
J/ψ φ 0.50 0.23 0.16
J/ψη 2.49 1.19 0.80
J/ψη′ 1.36 0.55 0.39
D−s π
+ 0.44 0.20 0.14
Table 8.22: Projections for statistical errors on lifetimes measured in different
modes for 2, 10 and 20 fb−1.
on the two lifetimes:
σ∆ΓCP
Γ
= 4
τCP+τCP−
(τCP+ + τCP−)2
√(
στCP+
τCP+
)2
+
(
στCP−
τCP−
)2
, (8.196)
where ∆ΓCP = Γ(B
even
s )− Γ(Bodds ) and Γ = (Γ(Bevens ) + Γ(Bodds ))/2. In the case that one
measures τCP+ and τFS where τFS = 2/(Γ(B
even
s ) + Γ(B
odd
s )), the error on ∆ΓCP/Γ is
σ∆ΓCP
Γ
= 2
τFS
τCP+
√(
στCP+
τCP+
)2
+
(
στFS
τFS
)2
. (8.197)
It can be seen that for small ∆ΓCP/Γ, the error is about 2 times larger when one
measures with similar errors τCP+ and τFS compared to measuring τCP+ and τCP−. Using
τCP+ from the J/ψη
(′) decay modes and τFS from D
−
s π
+, we project an error on ∆ΓCP /Γ
of 0.027 for ∆ΓCP/Γ = 0.15 for 2 fb
−1.
Including the lifetime measurement for the decay mode to J/ψπ is more complicated as
this is not an equal mixture of CP -even and CP -odd rates. Although a combined lifetime
and angular analysis should be done to determine the fraction of CP -odd decay in this mode,
and the appropriate error on τCP+, it was not done for this study. A simpler determination
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is made assuming that the fraction of CP -odd has already been determined within some
error in a separate analysis or in some other experiment. If the lifetime for this decay mode
is defined by τX = 1/ΓX where ΓX = (1− f)Γ(Bevens ) + fΓ(Bodds ), then
∆ΓCP
Γ
=
2(τFS − τX)
(1− 2f)τX , (8.198)
σ∆ΓCP
Γ
=
2τFS
(1− 2f)τX
√(
στX
τX
)2
+
(
στFS
τFS
)2
+
(
τFS − τX
τFS
)2 4f2
(1− 2f)2
(
σf
f
)2
.
Setting the value of f to the central valued measured by CDF and assuming the total
error can be improved in Run 2 by a factor of
√
20, then for f = 0.229±0.043 and using the
J/ψ φ and D−s π
+ modes only, the projected error on ∆ΓCP/Γ is 0.035 for ∆ΓCP/Γ = 0.15
and 2 fb−1. Although reducing the error on f has only a small effect on the projected error
on ∆ΓCP /Γ, the actual value of f has a huge effect, since as f approaches 0.5 we lose all
sensitivity to ∆ΓCP when only comparing to the D
−
s π
+ mode. It can be seen that even
with relatively low statistics, the J/ψη(′) decay modes are just as sensitive to ∆ΓCP .
Table 8.23 shows the projected errors on ∆ΓCP /Γ for different integrated luminosities
for the two different combinations of modes used. The error on f is assumed to reduced
by
√
R where R is the ratio of integrated luminosities. The total projected error when all
modes are used is also shown. To determine the expected error when all modes are used,
a likelihood fit is used where f is constrained by a Gaussian probability likelihood term to
be within the 0.043 error of the central value of 0.229. Note that the projected errors have
a weak dependence on the value of ∆ΓCP/Γ used but a strong dependence on the value
of f used. It should also be noted that we are assuming that any systematic errors are
insignificant compared to the statistical errors, so that these projected statistical errors are
taken as the total error on ∆ΓCP/Γ. For the range of lifetime errors we are considering this
assumption is reasonable since the charm lifetimes can be measured to this level in fixed
target experiments with only small systematics. However the lifetime acceptance correction
in BTeV may be somewhat larger for the hadronic modes.
Decay Modes Used Error on ∆ΓCP /Γ
2 fb−1 10 fb−1 20 fb−1
J/ψη(′), D−s π
+ 0.0273 0.0135 0.0081
J/ψ φ, D−s π
+ 0.0349 0.0158 0.0082
J/ψη(′), J/ψ φ, D−s π
+ 0.0216 0.0095 0.0067
with ∆ΓCP/Γ = 0.03 0.0198 0.0088 0.0062
with f = 0.13 0.0171 0.0077 0.0054
with f = 0.33 0.0258 0.0112 0.0078
Table 8.23: Projections for statistical errors on ∆ΓCP /Γ for combining lifetimes
from different modes and for using all modes for 2, 10 and 20 fb−1. The values
∆ΓCP /Γ = 0.15 and f = 0.229 are used for the main results and the results for
other values of ∆ΓCP /Γ and f are also shown for comparison.
The statistical error can be improved by including also the J/ψ → e+e− decay mode
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for the J/ψ reconstruction. The increase in statistics is less than by a factor of 2 since
the BTeV ECAL acceptance is smaller than the muon detector and there is no dedicated
J/ψ → e+e− trigger.
It should also be noted that additional measurements of the CP -even rate and especially
of the CP -odd rate, even with low statistics, can have a very significant effect on the
∆ΓCP/Γ sensitivity. Unfortunately the CP -odd modes look difficult experimentally. For
example, two CP -odd modes are B0s → J/ψf0(980) and B0s → χc0φ. The f0(980) is
relatively broad compared to the φ0 and decays to ππ or KK and thus will have large
backgrounds. The χc0 has small branching fractions, and the dominant decays are to non-
resonant states with pions and kaons and thus will also be background challenged. However
it will still be worthwhile looking for these CP -odd states.
8.7.3 Summary of Projections for ∆Γ
The most sensitive direct measurement of ∆ΓBs will be from measuring the lifetime differ-
ences between decays to CP -specific final states, (i.e. to CP -even, CP -odd or CP -mixed
modes) and flavor specific decays.
The decay modes to flavor specific final states like Dsπ will be the most precisely mea-
sured. Other decays with larger branching fractions that can be reconstructed with high
efficiency and good signal-to-background will be to CP -mixed final states, like J/ψ φ and
D
(∗)+
s D
(∗)−
s involving at least one D
(∗)
s . These decays proceed through an unknown admix-
ture of CP -even and CP -odd amplitudes that must be determined experimentally via an
angular analysis. The error on ∆Γs/Γs obtained using these modes will be very sensitive
to the actual fractions of CP -even and CP -odd, where the sensitivity is poorest for equal
mixtures of CP -even and CP -odd.
The decays to purely CP -even or purely CP -odd final states are difficult experimentally,
either because the backgrounds are larger and/or the branching fractions are small (e.g. for
D+s D
−
s , J/ψKs and J/ψf0(980)), or they contain difficult to reconstruct neutrals in the
final state (e.g. like in J/ψη(′)). However it is important to try to use these decay modes
as even with small samples of events they improve the error on the ∆Γs/Γs measurement
significantly.
With 2 fb−1 CDF should be able to determine ∆Γs/Γs with a statistical error of 0.04
through lifetime measurements, improving to as good as 0.025 if the decay to D∗+s D
∗−
s
proceeds through a 100% CP -even amplitude. CDF can reach a statistical error of 0.01 on
a model dependent determination of ∆Γs/Γs using just branching ratio measurements.
With a vertex (hadronic) trigger at Level-1 and excellent particle identification and
neutral reconstruction, the BTeV experiment should be able to measure the lifetimes of the
purely CP -even or purely CP -odd final states well enough to give a model independent
determination of ∆Γs/Γs with a statistical error of smaller than 0.02 with 2 fb
−1 of data.
This error is further decreased as low as 0.01 if the decay to D∗+s D
∗−
s proceeds through
a 100% CP -even amplitude. With 20 fb−1 of data a statistical error of 0.005 on ∆Γs/Γs
should be obtainable. Systematic uncertainties are expected to be under control to a similar
level.
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8.8 Projections for Lifetimes
8.8.1 b Hadron Lifetimes at CDF †
Lifetime measurements have formed an important part of the CDF research program in b
physics since the 1992 introduction of the silicon vertex detector with its precision tracking
capabilities. This part of the research program has been very successful, producing some
of the most precise lifetime measurements with semi-inclusive data samples, but also the
most precise measurements with exclusive channels. It is expected that the combination of
the Tevatron’s large bb cross section and precise tracking capabilities will continue to reap
benefits in Run II, pushing the comparison between experiment and theoretical calculation
to more stringent levels.
A lifetime measurement consists of reconstructing the decay point of a b hadron by
tracing back its long-lived charged descendants. For instance, the decay B
0 → e−νeD+X
is reconstructed by intersecting the e− track with the trajectory of the D+ meson; this
trajectory in turn is reconstructed from its own daughters, such as in the decay D+ →
K−π+π−. The distance between the primary interaction vertex and the b decay vertex
gives the flight distance of the b hadron. In Run I, this flight distance was measured most
precisely in the plane transverse to the beam and the proper time of decay, ct, calculated
with the formula
ct =
Lxym
pT
, (8.199)
where Lxy is the transverse flight distance, m is the mass of the b hadron, and pT is the
momentum of the b hadron projected in the with respect to the beam direction transverse
plane. The transverse momentum is calculated by combining the measured momenta of
the charged daughter particles. Unlike the flight distance, this combination requires either
the identification and reconstruction of all the daughter particles, as in the analyses of an
exclusive hadronic channel, or a correction factor for the particles that are not reconstructed,
as in the analyses of much larger semi-inclusive samples. A third possibility, applicable in
some special circumstances, allows a constraint to be applied to the momentum of a single
particle of known mass; this technique was not applied in Run I but may become more
important in Run II with the advent of three-dimensional silicon tracking.
As opposed to the electron–positron machines at the Υ(4S) where only B+ and B0d
mesons are produced, Tevatron produces the full spectrum of b hadrons. Due to this
uniqueness in the following particular emphasize is put on lifetime measurements of B0s ,
B0c and Λb.
8.8.1.1 Run I Results at CDF
The Run I CDF lifetime results are summarized in Figure 8.24. They represent a combina-
tion of several analyses of different types but have one thing in common: all data samples
have been obtained by using the trigger on at least one high-momentum lepton candidate.
†Authors: Ch. Paus, J. Tseng.
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lifetime [ps]
0.5 1 1.5 2
τ(Bd)  1.51 ± 0.05
τ(B+)  1.66 ± 0.05
τ(Bs)  1.36 ± 0.10
τ(Λb)  1.32 ± 0.17
τ(Bc)  0.46 ± 0.17
τ(B)
inclusive
 1.53 ± 0.04
Figure 8.24: Summary of lifetime measurements from CDF during Run I.
Three different types of analyses are performed. There are the exclusive, the semi-
exclusive and finally the inclusive analyses. While in the exclusive analyses one or more
distinct b hadron decay channels are fully reconstructed, in the semi-inclusive analyses some
neutral particle cannot be reconstructed, most typically the neutrino from the semileptonic
b hadron decay. In the inclusive analyses the secondary vertex indicates the presence of a b
hadron but no attempt is made to reconstruct the mass explicitly.
The features of the different analysis types are complementary. Exclusive analyses usu-
ally have small data samples and thus a large statistical uncertainty but the systematic
uncertainty is small. Inclusive analyses have usually very large data samples and thus small
statistical uncertainties but the systematic errors are large.
The exclusive modes measured also used the J/ψ trigger sample: in Run I, these analyses
yield 436 ± 27 decays of the type B0 → ψ(1S, 2S)K(∗)0 , 824 ± 36 of the type B+ →
ψ(1S, 2S)K(∗)+, and 58± 12 of the mode Bs → J/ψ φ. As will be detailed in the following
sections, the Bs lifetime thus measured is expected to mostly reflect the lifetime of the
shorter-lived weak eigenstate of the Bs. A small sample of Λb → J/ψΛ0 decays was also
reconstructed but was too small for lifetime analysis in light of the large B0 → J/ψK0S
backgrounds. The systematic errors are due to background and resolution modeling and
detector alignment.
For the semi-exclusive modes the B0, B+, Bs, and Λb hadrons are measured using their
semileptonic decays. The charm daughters D(∗), Ds, and Λ
+
c are reconstructed in data.
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Since these decays contain neutrinos as well as possible unreconstructed intermediate states
such as the D∗∗, they are subject to systematic uncertainties due to production and decay
modeling, as well as uncertainties in background and resolution and detector alignment.
An inclusive b→ J/ψX lifetime is also measured, where the J/ψ → µ+µ− is registered
on a dilepton trigger, as well as the lifetime of the Bc meson through its decays to J/ψℓX.
The lifetime measurements have also yielded measurements of the lifetime ratio between
charged and neutral B mesons. The measurement of lifetime ratios is particularly interesting
since experimental uncertainties and theoretical uncertainties cancel out and thus allow
more sensitive tests of some aspects of the theory of heavy quarks. Combining the exclusive
and the semileptonic decay modes yields a ratio of 1.09± 0.05 in agreement with the world
average 1.07 ± 0.02 and both well within the range of the theoretical prediction 1.0− 1.1.
The lifetime ratio between Bs and B
0 has not yet been measured with sufficient precision
to test the prediction which is within ≈ 1 percent of unity. The experimental value of the
lifetime ratio of the Λb to the B
0 is of similar precision, but lies well below the current
theoretical prediction range of 0.9 − 1.0. More data is needed to clarify whether there is a
discrepancy. From the theoretical point of view baryons are more difficult to calculate and
thus the experimental data will hopefully shed some light on this area.
8.8.1.2 Run II Projections for CDF
To derive the expected lifetime uncertainties for the Run II data samples it is assumed that
the Run I measurements are statistically limited. This is certainly true for the exclusive
decay modes. For the other decay channels it is less clear although experience shows that
most systematic errors can be improved when more statistics is available. Therefore in
the following only the exclusive measurements are used to estimate the uncertainties on
the b hadron lifetime measurements achievable with the Run II data samples. This is a
conservative procedure and it is likely that CDF will do better. The increase in statistics
for the exclusive decays involving J/ψ → µ+µ− with respect to Run I is obtained applying
simple scale factors as summarized in section 6.2.2.
Leptonic Triggers Considering the lifetime measurement capabilities of CDF in Run II,
it is useful as a first step to make a direct extrapolation from the Run I lifetime analyses
of exclusive channels. These are shown in Table 8.24, assuming 2 fb−1 of J/ψ dimuon
triggers with increased muon coverage, lower muon trigger thresholds, and increased silicon
tracking cover. The projected uncertainties are only statistical, and, given Run I experience,
are likely to be comparable to the levels of systematic uncertainty. Other improvements,
not accounted for in the table, include the possibility of a di-electron trigger, which adds
approximately 50% more data, and the effect of smaller-radius silicon as well as three-
dimensional microstrip tracking, which improves S/N and hence the lifetime measurements.
It is evident from the table that already the projections of only the exclusive decay
modes as measured by CDF in Run I improves on the current world-averaged B−/B0
lifetime ratio and combined with other experiments, including the B factories, this ratio
will be very precisely known.
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Run 1 Run 2 projected
Species sample size sample size cτ error [ps]
B− 824 40000 0.01
B0 436 20000 0.01
Bs 58 3000 0.03
Λb 38 2000 0.04
Table 8.24: Run II projections for the Run I exclusive lifetime measurements at
CDF corresponding to 2 fb−1.
In the case of the Bs, however, since the J/ψ φ final state is mostly sensitive to one weak
eigenstate, it is useful primarily in measuring ∆Γs rather than the average Γs which is to
be compared with Γd. The Λb → J/ψΛ0 lifetime is expected to be known within 0.04 ps
— significantly better than the current world average — but depends upon being able to
more effectively distinguish the signal from B0 → J/ψK0S decays, which are topologically
very similar.
Comparable projections for Bc and Ξb exclusive lifetime analyses cannot be made, since
their exclusive decays were not observed in Run I data.
Hadronic Triggers Beyond the J/ψ → ℓ+ℓ− trigger samples, there are expected to be
large data samples that will be made available by the hadronic displaced-track trigger.
Although those samples will also improve on the B− and B0 lifetimes most interestingly
they will improve on the Bs and Λb lifetime measurements. Since the hadronic trigger is a
new hardware device all predictions are less certain than the predictions for decay modes
originating from the leptonic triggers.
Most branching fractions for the decay modes used below are not measured and have to
be estimated. This is particularly difficult for the Λb decay modes. Errors of 50 percent for
the Bs decays and 100 percent for the Λb decays are assumed.
Another principle difficulty in these data samples lies in the understanding of the effect
of the trigger on the lifetime distributions. The displaced vertex trigger prefers large lifetime
events and introduces a bias in the proper time distribution. In the following it is assumed
that it is possible to model the trigger bias and use all of the statistical power of the
projected yields.
For the Bs decay modes Dsπ and Dsπππ there are approximately 75k events projected.
This includes the Ds decay modes to φπ and K
∗K only, as indicated in Table 8.10. Further
it is expected that the signal to background ratios is one, which is rather conservative. This
results in an uncertainty of the Bs lifetime of approximately 0.007 ps.
For the lifetime ratio of Bs and B
0 this corresponds to an error of roughly half a percent
and is thus in the same order as the theoretical prediction for the deviation from unity.
For the Λb decay modes Λcπ(Λc → pKπ), pD0π(D0 → Kπ and D0 → Kπππ), pπ and
pK there are approximately 24.4k events projected. Again assuming a signal to background
ratio of one, a statistical uncertainty of 0.01 ps is obtained. This is more precise than the
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expectation from the J/ψΛ0 decay mode. A stringent test will be available for the theoretical
predictions of the lifetime ratio of Λb to B
0.
More inclusive strategies, using triggerable combinations of leptons and displaced tracks,
will also significantly increase the precision of the lifetime ratios of the rarer b hadrons, such
as theBc and so far by CDF not observed baryons as Ξb might be accessible. These strategies
have yet to be investigated in detail.
8.8.2 Lifetime measurements at DØ †
A rich spectroscopy and lifetime measurement program is planned for both beauty mesons
and baryons. We will study any species that has significant decay modes that result in at
least one lepton. One of the highlights of this program is a measurement of the Λb lifetime in
the exclusive decay mode Λb → J/ψ+Λ. This is particularly interesting since the measured
ratio τ(Λb)/τ(Bd) = 0.78 ± 0.04 [107] is significantly different from the naive spectator
model prediction of unity. Current theoretical understanding of non-spectator processes
such as final-state quark interference and W boson exchange cannot account for such a
large deviation. Another important measurement which we will make is a measurement of
the Bs lifetime using modes such as Bs → J/ψφ.
Measurements of the Λ0b baryon lifetime have long been hampered by a dearth of statis-
tics. For this reason, the lifetime was measured in the semileptonic decay mode, where
the branching fraction is orders of magnitude higher than for any fully reconstructed
mode [108–111]. The disadvantage of the semileptonic mode is that the neutrino infor-
mation is lost. To obtain the true decay length in the absence of neutrino information, the
ratio pT (Λcℓ)/pT (Λ
0
b) (called the K factor) was obtained from a Monte Carlo calculation
and used in the lifetime fit. The limited knowledge of the value of the K factor represented
a modest contribution to the uncertainty of this measurement.
In Run II at DØ we can expect to collect 2 fb−1 of pp collisions or twenty times the
statistics of Run 1. This provides the opportunity to probe the Λ0b lifetime in a fully
reconstructed mode: Λ0b → J/ψΛ0, where the J/ψ meson decays into two leptons (muon or
electron) and the Λ0 baryon decays into a proton and a pion. Using a fully reconstructed
channel avoids the introduction of the K factor and any uncertainty associated with it.
To study this mode, we generated 75 000 Λ0b baryon events using Pythia, simulated the
DØ Run II detector using MCFast, and forced the decay mode Λ0b → J/ψΛ0, followed by
J/ψ → µ+µ− and Λ0 → pπ− with QQ, the CLEO Monte Carlo program. We use this
sample to predict the trigger and reconstruction acceptances and to estimate the lifetime
resolution. For the purpose of this study, we assume that electrons from J/ψ decays will
be reconstructed with a similar efficiency to that of the muons, an assumption which is
expected to be approximately true.
The DØ J/ψ triggeridentifies events resembling J/ψ decays. The presence of two muon
tracks, each with |η| ≤ 2.0 and pT ≥ 1.5 GeV/c, is sufficient for passing the J/ψ trigger
criteria. The trigger acceptance is found to be 16.8% for the muons in these generated
†Author: W. Taylor.
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Multiplier Events
L = 1032 cm−2s−1 = 1036 m−2s−1
t = 2× 107 s
σbb = 158 µb ×10−28 m2/b
b, b = 2 6.32× 1011
B(b→ Λ0b) = 0.090 5.7× 1010
B(Λ0b → J/ψΛ0) = 4.7 × 10−4 2.7 × 107
B(J/ψ → µµ, ee) = 2× 0.06 3.2 × 106
B(Λ0 → pπ) = 0.639 2.0 × 106
Detector acceptance = 0.55 1.1 × 106
ǫ(trigger) = 0.168 1.9 × 105
ǫ(track efficiency) = 0.954 1.5 × 105
ǫ(reconstruction) = 0.096 14 850
Table 8.25: Event yield determination after 1 year or 2 fb−1.
Monte Carlo events. We introduce by hand an additional acceptance cut of 55% for the
holes in the muon detection system not modeled in MCFast.
Track quality cuts are applied to all the tracks in the events passing the trigger. The
muon tracks from the J/ψ decay are required to have at least four stereo hits in the tracking
system (silicon detector and central fiber tracker combined) and at least eight hits (stereo
and axial combined) in the silicon detector. For tracks in the central region (|η| ≤ 1.7), at
least fourteen hits are required in the central fiber tracker. The transverse momentum is
required to be above 400 MeV/c.
The Λ0 baryon daughters are required to have at least three stereo hits in the tracking
system (silicon detector and central fiber tracker combined) and a minimum of eight hits
in the central fiber tracker. The transverse momentum is required to be above 400 MeV/c.
The long lifetime of the Λ0 baryon prevents the use of strict silicon hit requirements, as the
Λ0 baryon often decays outside of the fiducial volume of the silicon detector.
The muons are constrained to come from a common vertex in three dimensions as are
the Λ0 daughters. Finally, the location of the Λ0b decay vertex is obtained by extrapolating
the Λ0 baryon momentum direction in three dimensions back to the J/ψ decay vertex. The
resulting vertex defines the decay length of the Λ0b baryon.
The acceptance for these selection criteria is 9.6%. We introduce by hand an additional
acceptance cut of (0.95)4=0.81 for the tracking efficiency not modeled in MCFast. The
final acceptance times efficiency for the trigger and reconstruction criteria is 0.72%. We
therefore predict about 15 000 events to be reconstructed in 2 fb−1. Table 8.25 shows the
values used to obtain this prediction for the yield.
The mass distributions for the J/ψ and Λ0 particles are shown in Figures 8.25 and 8.26,
respectively. With the application of constraints on both the J/ψ mass and the Λ0 mass, we
predict the Λ0b mass resolution to be 16 MeV/c
2, as indicated in Figure 8.27. The lifetime
resolution is found to be 0.11 ps (Figure 8.28).
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Figure 8.25: J/ψ mass distribution.
Figure 8.26: Λ0 mass distribution.
8.8.3 Summary of Projections for Lifetimes
The exclusive b hadron event samples involving J/ψ → µ+µ− alone will enable CDF and
DØ during Run II to push the precision of lifetime measurements to values close to 1 fs.
Further inclusion of other hadronic decay modes will decrease the statistical error further
below 1 fs.
In particular the lifetime measurements of Bs and Λb which cannot be measured by the
B factories will achieve a statistical precision of about 0.007 ps and 0.01 ps, respectively.
Those measurements determine the ratio of τ(Bs)/τ(B
0) to roughly half a percent which
allows a first test of the theoretical predictions.
Lifetimes of other interesting b hadrons like the Bc will be improved significantly, and
there is a good chance to observe Ξb for the first time and measure its lifetime.
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Figure 8.27: Λ0b mass distribution.
Figure 8.28: τ(Λ0b)meas − τ(Λ0b)gen.
8.9 Conclusions
The Tevatron provides a unique testing ground for mixing and lifetime studies. For these
measurements it is superior to the B-factories, because the large boosts of the produced
hadrons and the higher statistics allow to study the decay distributions more precisely.
Moreover, studies of Bs mesons and b-flavored baryons are not possible at current B-factories
running at the Υ(4S) resonance. At Run II B0s−B0s mixing will be discovered and the mass
difference ∆ms will be determined very precisely. This measurement is of key importance
for the phenomenology of the unitarity triangle. Our knowledge of the lifetime pattern
of b-flavored hadrons will significantly improve, the yet undetected width difference ∆Γs
between the Bs mass eigenstates is within reach of Run II and the Λb lifetime puzzle will
be addressed.
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Chapter 9
Production, Fragmentation and
Spectroscopy
G. Bodwin, E. Braaten, K. Byrum, R.K. Ellis, G. Feild, S. Fleming, W. Hao, B. Harris,
V.V. Kiselev, E. Laenen, J. Lee, A. Leibovich, A. Likhoded, A. Maciel, S. Menary,
P. Nason, E. Norrbin, C. Oleari, V. Papadimitriou G. Ridolfi, K. Sumorok, W. Trischuk,
R. Van Kooten
The Tevatron is distinguished from the other current facilities involved in the study
of particles containing heavy quarks by the size of the cross sections and the range of
hadrons containing heavy quarks which are produced. The production of heavy quarks at
the Tevatron and their subsequent fragmentation to a wide range of states is the subject of
the present chapter. These processes offer a unique chance to study the dynamics of heavy
quark systems in a region where perturbative methods can be applied.
9.1 Open beauty production
We outline the state of the art in theoretical calculations of B hadron production at a
hadron collider. We refer to this as open beauty production to distinguish it from quarko-
nium production considered in Section 9.2. We follow up with some considerations of the
experimental difficulties involved in measuring open beauty production at the Tevatron.
We do not draw any firm conclusion beyond the fact that theory and experiment disagree
by a factor of about 3. The discrepancy favors the experiments by providing three times as
many b quarks as theory would expect.
9.1.1 The theory of b-quark production†
The cross section for the production of a b quark is calculable in perturbative QCD inasmuch
as the heavy quark mass,m, is larger than Λ, the scale of the strong interactions. The results
of the calculations are described in refs. [1–5].
†Author: R.K. Ellis
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The cross section in the QCD improved parton model is
σ(S) =
∑
i,j
∫
dx1
x1
dx2
x2
σˆij(x1x2S,m
2, µ2)Fi(x1, µ
2)Fj(x2, µ
2) , (9.1)
where the Fi are the momentum densities of the partons in the incoming hadrons. The
quantity σˆij is the short distance cross section
σˆij(sˆ,m
2, µ2) = σ0 cij(ρˆ, µ
2) , (9.2)
where σ0 = α
2
s(µ
2)/m2, ρˆ = 4m2/sˆ and sˆ = x1x2S is the parton total center-of-mass energy
squared. The function cij has a perturbative expansion,
cij(ρˆ, µ
2/m2) = c
(0)
ij (ρˆ) + 4παs
[
c
(1)
ij (ρˆ) + ln(
µ2
m2
)c¯
(1)
ij (ρˆ)
]
+O(α2s) . (9.3)
The lowest order short distance cross section is calculated from the diagrams in Fig. 9.1.
The results for the lowest order total cross sections derived from these diagrams are
Figure 9.1: Diagrams for heavy quark production at lowest order.
c(0)gg (ρ) =
πβρ
12
{
3
N
[
(1 + ρ− ρ
2
2
)L(β) − 1− ρ
]
+
N
2V
[
3ρ2L(β)− 4− 5ρ
]}
,
c
(0)
qq¯ (ρ) =
V
N2
πβρ
24
[2 + ρ] , (9.4)
where V = N2 − 1 = 8, N = 3 and β = √1− ρ, ρ = 4m2/sˆ and
L(β) =
1
β
log
[1 + β
1− β
]
. (9.5)
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The quantities c¯
(1)
ij and c
(1)
ij are also known [1], the former analytically and the latter as a
numerical fit. The results for these functions as a function of the incoming sˆ are shown in
Figs. 9.2, 9.3 and 9.4. Two features of c
(1)
ij as shown in Figs. 9.2, 9.3 and 9.4 are worthy
Figure 9.2: The parton level cross section for the gg process.
of note. The quark-antiquark and gluon-gluon initiated processes have a very rapid rise at
threshold:
c
(1)
qq →
c
(0)
qq¯ (ρ)
8π2
[
− π
2
6β
+
16
3
ln2 (8β2)− 82
3
ln(8β2)
]
,
c(1)gg →
c
(0)
gg (ρ)
8π2
[
11π2
42β
+ 12 ln2 (8β2)− 366
7
ln(8β2)
]
, (9.6)
due to Coulomb 1/β singularities and to Sudakov double logarithms. Near threshold, these
terms give large contributions and require special treatment, such as resummation to all
orders. In addition the gg and gq contributions to c
(1)
ij , which involve spin-one gluon ex-
change in the t-channel, tend to a constant value at large sˆ. In agreement with the results
in Figs. 9.2 and 9.4, the intercept at large s is given by
cgg → 6k ∼ 0.1074 , (9.7)
cgq → 4
3
k ∼ 0.02388 , (9.8)
where [6]
k =
7291
16200
1
8π
≈ 0.01791 . (9.9)
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Figure 9.3: The parton level cross section for the qq¯ process.
The significance of these results for the NLO cross section is shown in Fig. 9.5, illustrating
that, at the energy of the Tevatron, both the threshold region and the large sˆ region are
important at NLO.
The resummation of the threshold soft gluon corrections is best carried out in ω-space,
where ω is the moment variable after Mellin transform with respect to sˆ. In ω-space
the threshold region corresponds to the limit ω → ∞ and the structure of the threshold
corrections is as follows
σˆ = σLO
{
1 +
∞∑
j=1
2j∑
k=1
bjkα
j
s ln
k ω
}
. (9.10)
Detailed studies [7] indicate that such threshold resummation is of limited importance at the
Tevatron where b-quarks are normally produced far from threshold. Resummation effects
lead to minor changes in the predicted cross section and only a slight reduction in the scale
dependence of the results.
At high energy, heavy quark production becomes a two scale problem, since sˆ≫ m2 ≫
Λ2 and the short distance cross section contains logarithms of sˆ/m2. As we proceed to higher
energies such terms can only become more important, so an investment in understanding
these terms at the Tevatron will certainly bear fruit at the LHC. At small ω the dominant
terms in the heavy quark production short distance cross section are of the form
σˆ ∼ α
2
s
m2
∞∑
j=0
αjs
∞∑
k=0
cjk
(αs
ω
)k
. (9.11)
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Figure 9.4: The parton level cross section for the gq process.
For j = 0 we obtain the leading logarithm series. Resummation of these terms has received
considerable theoretical attention in the context of the kT -factorization formalism [8–14].
In Ref. [15] an interpretation of the excess bottom-quark production rate at the Tevatron
is proposed via the pair-production of light gluinos, of mass 12 to 16 GeV, with two-body
decays into bottom quarks and light bottom squarks. Among the predictions of this SUSY
scenario, the most clearcut is pair production of like-sign charged B mesons at the Tevatron
collider.
9.1.2 Run II reach for b-quark production
We now consider some of the experimental boundary conditions on the determination of
the cross-section for open beauty production at the Tevatron.
9.1.3 DØ Study of b Jet Production and Run II Projections †
The differential cross section for b-jet production as a function of jet transverse energy is
obtained from a sample of muon tagged jets. We discuss b jets as an added tool for under-
standing b production, and use the present analysis to propose a follow up measurement in
Run II. Focus on doubly tagged, two b-jet events should significantly reduce both theoretical
and experimental uncertainties.
†Author: Arthur Maciel
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Figure 9.5: Contributions to the total cross section in LO and NLO.
9.1.3.1 Introduction
Previous studies on inclusive b production by the DØ collaboration have concentrated on
the b quarks themselves, either as integrated production rates as a function of the b quark
pminT [16], or the azimuthal correlations between the bb pair [17].
In contrast with such studies, we present a complementary measurement with the main
focus on “b jets” rather than b quarks. “b jets” are defined as hadronic jets carrying b flavor.
As such, the object of study is directly observable, and introduces less model dependence
when the connection between observation and theory is made.
This measurement is in direct correspondence with a NLO-QCD calculation by S. Frix-
ione and M. Mangano [19], who highlight the theoretical advantages of considering the cross
section for producing jets rather than open quarks. For instance, large logarithms that ap-
pear at all orders in the open quark calculation (due to hard collinear gluons) are naturally
avoided when all fragmentation modes are integrated and it no longer matters what portion
of the jet energy is carried by heavy quarks or by radiation.
Following a brief presentation of our results, we try to assess what improvements over
present measurements can be expected in Run II, taking into account the upgraded capabil-
ities of the DØ detector. Moreover, we consider new experimental possibilities that might
contribute to the ongoing process of understanding heavy quark production in the context
of perturbative QCD.
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9.1.3.2 The pt Spectrum of b Jets
This measurement uses 5 pb−1 of Run I data from a muon plus jet trigger, from which
an inclusive sample of muon tagged jets is extracted. Tagged jets have hadronic ET
above 20 GeV, pseudorapidity η < 0.6, and carry within their reconstruction cone (∆R ≡√
∆η2 +∆φ2 = 0.7) a muon track with pT above 6 GeV and η < 0.8. About 36K events
are thus selected, and less than 0.5% of them have either a second tagged jet or a doubly
tagged one. This is because of the relatively high muon threshold, which also enriches the
b flavor content of the sample.
Figure 9.6: The differential b jet cross section and the next-to-leading order QCD
prediction [19]. Data errors shown here are statistical only.
After detection efficiencies and resolution corrections are applied to the inclusive spec-
trum, the background of light flavors decaying to muons needs to be removed. This is done
on a statistical basis, through fits of the distribution of muon transverse momentum with
respect to the associated jet axis (P relT ). We use Monte Carlo templates representing light
and heavy quark decay patterns. These templates are floated so as to fit the observed P relT
spectra in four different transverse energy ranges. Such fits determine the fraction of muons
from b decay as a function of tagged jet ET .
Tagging acceptance corrections are the last step towards a cross section. These stem from
the tagging muon threshold, pseudorapidity ranges and the muon-jet association criterion.
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Figure 9.7: A summary of all systematic uncertainties expressed as a relative
percentage.
The unseen lepton energy along the jet also needs to be added (statistically) to the hadronic
portion registered in the calorimeter. After such corrections we obtain the b jet differential
cross section shown in Fig. 9.6 and defined as the total number of jets carrying one or more
b quarks in a given jet ET bin, and within |η| < 1. (b’s are not counted; technically we
count tagging muons of either charge, and divide by twice the inclusive branching ratio of
b→ µ+X).
It is observed that this result repeats the general pattern of past b-production studies
where data lies significantly above the central values of theory prediction, but not incom-
patibly so, considering both the experimental and theoretical uncertainties.
The measurement uncertainties are driven by the P relT fits for the b-fraction, and to a
lesser extent the tagging acceptance losses, and calorimeter energy scale at lower ET . A
summary of the systematic uncertainties (mostly correlated) in this measurement is shown
in Fig. 9.7, and this leads us naturally to a discussion of Run II possibilities.
9.1.3.3 b Tagging for Run II
A detector with a precision vertex detector and a magnetic spectrometer should be able
to study b jets. The measurement described above is limited in many directions by its
tagging method. First, the b content of the sample decreases with jet ET , and the P
rel
T fit
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is not sensitive enough to extract a b signal reliably for jets above 100 GeV. Second, part
of the advantage of studying b jets over b quarks is the removal of fragmentation model
dependence. This dependence is partially reintroduced when corrections for muon tagging
acceptances are performed.
The use of displaced vertex distributions for b tagging not only reduces the b fraction
uncertainty to a secondary level in the analysis, but also removes the current upper limit
on jet ET imposed by the P
rel
T fits. Some fragmentation model dependence still remains
associated with the determination of proper time distributions (decay lengths).
9.1.3.4 A Measurement Proposal
One puzzle that arises in the comparison of heavy flavor production data to theory is
that despite the discrepancy in normalization, there is generally fair agreement in angular
correlations [17,18,20]. This brings some conflict to the understanding of relative effects
between the leading- and next-to-leading-order QCD amplitudes. The goal of resolving this
puzzle, coupled with an interest in b jets, suggests a promising program for Run II.
In an attempt to minimize the current uncertainties on both theory and experiment,
we consider a production measurement that is restricted to a limited kinematic regime to
optimize uncertainties. We consider the cross section for pairs of b jets which are nearly
back-to-back, have relatively high ET and lie in the central rapidity region.
From the theoretical point of view, this experiment favors phase space regions that are
far from production thresholds and have high x-values where PDF choices play a much
reduced role. In addition, the back-to-back kinematics suppresses NLO amplitudes in the
pQCD calculation [18].
From the experimental point of view there are many advantages. A muon plus jet
trigger, very natural to the DØ architecture, (i) enhances the b-content of the sample, (ii)
collects an ideal sample for a second tag by displaced vertex on the non-muon side and (iii)
minimizes the bias towards soft b quarks inside hard jets because of the imposed muon pT
threshold.
9.1.3.5 Di-b-jets with DØ in Run II.
Inspection of Run I DØ data shows that over 70% of the muons in a muon plus jet trigger
are naturally associated with a jet. Double tagging (of the b and b jets with muon and
displaced vertex) improves b purity, and largely removes the limitations that are inherent to
the P relT fits method, in particular the limitation to low ET because of increasing systematic
uncertainties with b jet ET .
For acceptance projections we take the Run I measurement as a starting point: 36K
events in 5 pb−1 of data. The requirement of a recoil jet (central, opposite hemisphere)
having ET ≥ 20 GeV reduces the sample to 15K muon tagged (pT above 6 GeV) back-to-
back dijet events. With a vertex tagging rate near 10% for the opposite jet, we can establish
a rule of thumb of 300 events per pb−1.
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To access the transverse momentum of the b quark inside the muon tagged jet, we can
focus on the tagging muon pT spectrum (see next section). By applying the methods in
reference [16] for determining the minimum b quark pT compatible with our muon and jet
thresholds, we find pminT (b) around 20 GeV.
9.1.3.6 b Quark Production
A natural extension to the Run I b-jets study presented above is to use the same data
sample and study b quarks rather than b jets. This offers a consistency check of our previous
measurements [16,17], but also significantly extends the kinematic reach.
Starting from the data sample described in Section 9.1.3.2 we repeat the analysis steps
of [16] to obtain the integrated b quark production cross section as a function of minimum
b quark pT . Our results are shown in Fig. 9.8 as the higher p
min
T points (triangles). In this
figure, the present (and preliminary) measurement is confronted with previous results from
DØ, CDF (resonant dimuons), and theory [5].
Figure 9.8: A summary of b production (integrated) cross section measurements,
shown as a function of minimum b-quark pT . The preliminary analysis described
here is represented by the higher pminT (b) triangles. The QCD prediction is also
shown.
The consistency of the measurements is good. Our new results practically double the
pminT reach to 60 GeV. A general trend that can be extracted from Fig. 9.8 is that data and
theory agree better at higher pminT .
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Of course this trend could be confirmed with extended and improved measurements
in Run II. But the inclusive muon method described in this section has some limitations.
Our uncertainties are dominated by systematics rather than statistics. Because the b-quark
signal increases with muon pT , b tagging with P
rel
T as a function of muon pT is more
precise than with jet ET . It is the model dependence, introduced in relating the b-quark
thresholds to the muon acceptance, that completely dominates the uncertainties in this type
of measurement.
The full reconstruction of specific B-meson final states avoids some uncertainties. The
CDF experiment [21] probes a lower B-meson pT where the comparison of data to theory
exhibits some of the same characteristics as the earlier measurements (pminT (b) < 30 GeV) in
Fig. 9.8. It will be interesting to push fully reconstructed B-meson cross-sections to higher
meson pT . Various triggering and offline selection handles exist that could significantly
extend meson pT range. Such studies however lie beyond the scope of the present report.
9.1.3.7 Conclusion
We have presented a Run I cross-section measurement of jets carrying b flavor, and have
illustrated the experimental advantages of studying b jets (which are complementary to b
quarks). The b quark cross section extracted from the same data sample confirms previous
measurements and significantly extends the b quark pT reach, while hinting at improved
agreement between data and theory at higher b pT .
For Run II, a related measurement is envisaged that (i) focuses on dijets (doubly tagged)
rather than single jets and (ii) restricts the kinematic region of the final states to reduce
systematic uncertainties both in the theory and the measurements.
A muon plus jet(s) trigger is one of the strengths of the DØ experiment, and a center
piece for various other physics projects. In Run II DØ will for the first time have an internal
magnetic volume for precision tracking and vertexing. A muon tagged jets sample is an ideal
starting point for the displaced vertex tagging of “other side” jets.
Our brief analysis demonstrates the possibility of a very useful and relatively fast mea-
surement for early Run II.
9.1.4 CDF PT Reach in the B Cross Section for Run II
†
The differential cross section for B → D0 + e+X as a function of B-hadron pT is studied
using Monte Carlo events. We predict the pT reach for such a measurement in Run II.
The discrepancy between the next-to-leading order QCD predictions and the published
Tevatron cross-sections remains unsolved. Recently, M. Cacciari, M. Greco and P. Na-
son [22] have presented a cross section formalism which is less sensitive to the renormaliza-
tion and factorization scales at larger b-quark pT (p
b
T > 50 GeV/c). We estimate the PT
reach for the B cross section using the exclusive decay B → D0 + e+X.
†Author: Karen Byrum
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9.1.4.1 Run II PT Reach
We use the PYTHIA Monte Carlo program to generate bb¯ and use CLEO QQ [24] to decay
the B mesons. The simulated sample is normalized to Run I data to provide a prediction
of the cross section reach for Run II.
In Run II, CDF does not foresee low ET inclusive single lepton triggers as were available
in Run I. Still, we calculate Run II yields first using Run I trigger thresholds and then using
the expected Run II higher thresholds. We include the following assumptions:
• an electron trigger similar to Run Ib with kinematic cuts on the electron of ET >
8 GeV and pT >7.5 GeV/c or the proposed in Run II threshold of ET > 12 GeV;
• the Run Ib measured trigger efficiency;
• the electron selection efficiencies predicted by the CDF-II detector simulation;
• kinematic cuts on the D0 decay products of P πTot > 0.5 GeV/c, PKTot >1.5 GeV/c,
∆(R) < 0.6 for both π,K; and
• a scale factor equal to the luminosity increase for Run I of 20.
Using the above assumptions, we estimate the number of B → D0eX events above some
pminT and use this number to estimate the size for the statistical precision for a given p
min
T .
The true statistical uncertainty will be larger than this and will depend on the signal-to-
noise ratio of the D0 mass peak. From the Run I data, we estimate that the statistical
uncertainty will be a factor of two times greater than that determined from a signal-only
Monte Carlo. This scale factor is conservative since we have not applied lifetime cuts to our
Run I sample and these cuts are known to greatly increase the signal to noise ratio which
would reduce the statistical uncertainty, approaching the predictions from a signal-only
Monte Carlo.
We estimate the systematic uncertainty using the published b→ eX measurement [23].
The uncertainties from that measurement are shown in Table 9.1. By measuring the B
meson cross section as opposed to the b-quark cross section, we should be able to remove
the systematics due to fragmentation of the b quark into a B meson from the measurement.
Source Uncertainty
Models of B decays 10%
Underlying event contribution 8%
Hadron simulation 10%
B hadron semileptonic decay branching ratio 10%
Luminosity 7%
Total 20%
Table 9.1: Uncertainties in the published b → eX measurement [23] which are
expected to contribute at the same level in Run II.
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Figure 9.9: The predicted cross section reach as of function ofB PT forB → D0eX
with the kinematic cut on the electron of ET > 8 GeV and PT > 7.5 GeV/c with
2 fb−1 of luminosity. The statistical errors are predicted from Monte Carlo and
scaled by a factor of two to include the effect of background. A constant 20%
systematic error is based on published results.
However there will still be an uncertainty on the theoretical prediction. The other uncer-
tainties may be more difficult to reduce even with large statistics. For Run II we estimate
a total systematic uncertainty of 20%.
9.1.4.2 Conclusions
The predicted pT reach for B → D0eX with a kinematic cut on the electron of ET > 8 GeV
and pT > 7.5 GeV/c for 2 fb
−1 is shown in Figure 9.9. The statistical uncertainties come
from our signal-only Monte Carlo simulation and scaled by a factor of two as an estimate of
the influence of background. A flat 20% systematic error is based on published results [23].
We also show the predicted pT reach for kinematic cut on the electron of ET > 12 GeV
for 2 fb−1 in Figure 9.10. The pT requirement reduces the number of events in the largest
B meson pT bins by a modest 20%.
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Figure 9.10: The predicted cross section reach as of function of B PT for B →
D0eX with the kinematic cut on the electron of ET > 12 GeV/c with 2 fb
−1 of
luminosity. The statistical errors are predicted from Monte Carlo and scaled by a
factor of two to include the effect of background. A constant 20% systematic error
is based on published results.
9.2 Quarkonium production
The two heavy quarkonium systems provided by nature are bottomonium (bb¯ bound states)
and charmonium (cc¯ bound states). The clean signatures provided by the JPC = 1−−
quarkonium states make them a particularly clear window for studying the dynamics of
heavy quarks. Although the major thrust of this report is bottom quark physics, we will
discuss charmonium as well as bottomonium, since the physics of these two systems is very
similar.
9.2.1 Spectroscopy †
The charmonium and bottomonium systems have rich spectra of orbital and angular-
momentum excitations. The masses of these states can be predicted using potential models
whose parameters are tuned to reproduce the spectrum of observed states. Some of the
states that have not yet been discovered should be produced abundantly at the Tevatron.
The obstacle to their discovery is finding a decay mode with a large enough branching
fraction that can be used as a trigger.
†Author: Eric Braaten
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Figure 9.11: Spectrum of cc¯ mesons: observed states (dotted red lines) and theo-
retical predictions (dashed blue lines). The χc(1P ) lines are averaged over the spin
states.
The charmonium spectrum is shown in Fig. 9.11. The observed states are shown as
dotted (red) lines and the theory predictions are shown as dashed (blue) lines. The most
prominent of the missing states are the spin-singlet states ηc(2S) and hc(1P ). A signal for
hc → J/ψπ0 has been observed in pp¯ annihilation at resonance, but has not been confirmed.
The states in the spectrum that were observed by the CDF collaboration in Run I of the
Tevatron are the J/ψ and ψ(2S), through their decays into µ+µ−, and the χc1(1P ) and
χc2(1P ), through their decays into J/ψγ. The χc1 and χc2, which have a mass splitting of
only 45.7 MeV, were resolved by conversions of the decay photon into e+e− in the material
of the detector. The D0 collaboration also observed a J/ψ/ψ(2S) signal, but they were
unable to resolve the two states.
The charmonium state with the greatest prospects for discovery at the Tevatron is the
ηc(2S). One possibility is through the radiative decay ηc(2S)→ J/ψ + γ, whose branching
fraction is estimated to be about 10−3 [25,26]. This is much smaller than the branching
fraction for χcJ(1P )→ J/ψ+γ, which is about 27% for J = 1 and 14% for J = 2. In Run Ia,
CDF observed about 1200 χc(1P ) or χc(2P ) candidates in a data sample of about 18 pb
−1.
The cross section for ηc(1S) is probably a little larger than that for χc(1P )+χc(2P ). Thus
the rate for ηc(2S)→ J/ψ + γ should be large enough to observe in Run II.
It is also possible that the ηc(2S) could be discovered through one of its annihilation
decay modes. However a prerequisite would be the observation of the ηc(1S), since it has
a larger cross section and it probably has a larger branching fraction into any triggerable
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decay mode. Of the measured decay modes of the ηc(1S), the most promising for observation
at the Tevatron is ηc → φφ, with one φ decaying into µ+µ− to provide a trigger and the
other decaying into K+K−. This decay path has a branching fraction of about 2 × 10−6,
which is small compared to the 6% branching fraction for J/ψ → µ+µ−. The muons from
the decay of the φ will typically be softer than those from the decay of a J/ψ with the
same pT as the ηc(1S). The steep dependence of the acceptance of the muons on their
transverse momentum could give a large reduction factor compared to the acceptance for
J/ψ → µ+µ−. In Run Ia, CDF observed about 2× 105 J/ψ candidates in a data sample of
about 15 pb−1, and the cross section for ηc(1S) is probably several times larger than that
for J/ψ. Thus the rate for ηc → φφ may be large enough to observe in Run II.
The bottomonium spectrum is shown in Fig. 9.12. The observed states are shown
Figure 9.12: Spectrum of bb¯ mesons: observed states (solid red lines) and theo-
retical predictions (dashed blue lines). The χb(1P ) and χb(2P ) lines are averaged
over the spin states.
as dotted (red) lines and the theory predictions are shown as dashed (blue) lines. None
of the spin-singlet states in the spectrum have been observed, not even the ground state
ηb(1S). The states in the spectrum that were observed by the CDF collaboration in Run I
of the Tevatron are the Υ(1S), Υ(2S) and Υ(3S), (through their decays into µ+µ−), and
the χbJ(1P ) and χBJ(2P ), (through their decays into Υ(nS)γ). The J = 0, 1, 2 states of
χbJ(nP ) were not resolved. The D0 collaboration also observed a Υ(nS) signal, but they
were unable to resolve the n = 1, 2, 3 states.
The bottomonium state with the greatest prospects for discovery at the Tevatron is the
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ground state ηb(1S). The discovery requires finding a triggerable decay mode with a large
enough branching fraction. The branching fractions for exclusive decay modes of ηb(1S)
can not be predicted accurately. For final states containing light hadrons, a conservative
estimate can be obtained by multiplying the corresponding branching fraction for ηc(1S)
by the appropriate suppression factor (mc/mb)
n that would hold for asymptotically large
quark masses. For the vector meson decay mode ηb(1S) → ρρ, the appropriate factor is
(mc/mb)
4 ≈ 10−2. A promising discovery mode at the Tevatron is ηb(1S) → J/ψJ/ψ [27],
with one J/ψ decaying into µ+µ− to provide a trigger and the other decaying into either
µ+µ− or e+e−. This decay has almost identical kinematics to ηc(1S)→ φφ, whose branching
fraction is 0.7%, except that all masses are scaled up by a factor of 3. The branching fraction
for ηb → J/ψJ/ψ is probably smaller, but the suppression factor is probably not as severe
as the asymptotic factor 10−2. If the branching fraction for ηb(1S) → J/ψJ/ψ is greater
than 10−4, the prospects for the discovery of ηb(1S) in Run II of the Tevatron look bright.
9.2.2 Theory of quarkonium production †
Heavy quarkonia (bottomonium and charmonium mesons) are to a good approximation
nonrelativistic bound states consisting of a heavy quark and its antiquark. The bound-
state dynamics involves both perturbative and nonperturbative aspects of QCD. Due to the
large mass,mQ, of the heavy quark, the bound-state dynamics can be described more simply
using an effective field theory called nonrelativistic QCD (NRQCD) [28]. This effective field
theory can be exploited to organize quarkonium production rates into systematic expansions
in αs(mQ) and in v, the typical relative velocity of the heavy quark [29].
The physical picture of quarkonium production begins with a hard scattering that creates
a heavy quark-antiquark pair in an angular momentum and color state that we will denote
bb¯(n). The color state can be color-singlet (bb¯1) or color-octet (bb¯8). The angular momentum
state is denoted by the standard spectroscopic notation 2S+1LJ . The bb¯ subsequently evolves
into the final state quarkoniumH through nonperturbative dynamics that can be accurately
described by the effective theory NRQCD.
The NRQCD factorization formula is the mathematical realization of the above picture.
To be specific, we will focus on the production of spin-triplet bottomonium states. The
inclusive differential cross section for producing a bottomonium state, H, in a proton-
antiproton collision can be written as
dσ[p+ p¯→ H +X] =
∑
ij
∫
dx1dx2 fi/p(x1)fj/p¯(x2) dσ[ij → H +X], (9.12)
where the functions fk/A are parton distribution functions and the sum runs over the partons
i and j in the initial state hadrons. The cross section dσ[ij → H + X] for the direct
production of H by the collision of partons i and j can be written as the sum of products
of short-distance cross sections and long-distance matrix elements:
dσ[ij → H +X] =
∑
n
dσˆ[ij → bb¯(n) +X] 〈OH(n)〉. (9.13)
†Authors: Eric Braaten, Sean Fleming, Jungil Lee, Adam Leibovich
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To obtain the completely inclusive cross section, one must also add the cross section for
indirect production via the decay of higher bottomonium states. The short-distance cross
section dσˆ can be calculated as a perturbative expansion in αs evaluated at a scale of
order mQ or larger. The NRQCD matrix element 〈OH(n)〉 encodes the probability for
bb¯(n) to evolve into the quarkonium state H. Each of the NRQCD matrix elements scales
as a definite power of v, allowing the sum over quantum numbers n in Eq. (9.13) to be
truncated at some order in the v expansion. The approximate spin symmetry of NRQCD
also implies relations between the matrix elements. Most of these matrix elements can be
determined only by fitting them to production data. The exceptions are the color-singlet
matrix elements with the same angular momentum quantum numbers as the bound state
H, which can be related to the wavefunction of the meson. For the spin-triplet S-wave and
P-wave bottomonium states, these color-singlet matrix elements can be expressed as
〈OΥ(nS)1 (3S1)〉 ≃
9
2π
|RnS(0)|2, (9.14)
〈OχbJ (nP )1 (3PJ )〉 ≃ (2J + 1)
9
2π
|R′nP (0)|2. (9.15)
They can be extracted from data on annihilation decays, estimated from potential models,
or calculated from first principles using lattice gauge theory simulations of NRQCD.
The NRQCD factorization formula provides a general framework for analyzing inclusive
quarkonium production. Any model of quarkonium production that is consistent with QCD
at short-distances must reduce to assumptions about the NRQCD matrix elements. For
example, the color-singlet model assumes that only the color-singlet matrix elements with
the same angular momentum quantum numbers as the bound state are important, namely
〈O1(3S1)〉 for Υ(nS) and 〈O1(3PJ)〉 for χbJ(nP ). To the extent that the color-evaporation
model is consistent with QCD at short distances, it reduces to the assumption that the
S-wave matrix elements 〈O1(1S0)〉, 〈O1(3S1)〉, 〈O8(1S0)〉, and 〈O8(3S1)〉 dominate and that
they are equal up to color and angular momentum factors. However the color evaporation
model is usually implemented by starting with the NLO cross section for producing bb¯ pairs
with invariant mass below the heavy meson threshold, imposing an ad hoc cutoff on the
invariant mass of exchanged gluons, and multiplying by a phenomenological probability
factor for each quarkonium state.
The effective field theory NRQCD also gives definite predictions for the relative impor-
tance of the NRQCD matrix elements, because they scale as definite powers of the typical
relative velocity v. Given equal short-distance cross sections, the most important matrix
element for direct Υ(nS) production should be the parameter 〈O1(3S1)〉 of the color-singlet
model. However the short-distance cross sections are not equal. From counting the color
states, we expect the cross section for a color-octet bb¯ pair to be about 8 times larger than
the cross section for a color-singlet pair. There are also dynamical effects that enhance the
color-octet cross section relative to that for bb¯1(
3S1) both at small pT and at large pT . At
small pT , the color-octet cross section is enhanced, because it can proceed through order-α
2
s
processes like ij → bb¯. At large pT , the color-octet cross sections are enhanced because the
leading order cross section for bb¯1(
3S1) is suppressed by m
4
b/p
4
T relative to bb¯8(
3S1). Ac-
cording to NRQCD, the next most important matrix elements for direct Υ(nS) production
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are suppressed by v4 and can be reduced by spin-symmetry relations to three color-octet
parameters 〈O8(3S1)〉, 〈O8(1S0)〉, and 〈O8(3P0)〉 for each of the radial excitations Υ(nS).
Including only these matrix elements, the NRQCD factorization formula (9.13) for direct
Υ(nS) production reduces to
σ[Υ(nS)] = σ[bb¯1(
3S1)]〈OΥ(nS)1 (3S1)〉+ σ[bb¯8(3S1)]〈OΥ(nS)8 (3S1)〉
+σ[bb¯8(
1S0)]〈OΥ(nS)8 (1S0)〉+
(∑
J
(2J + 1)σ[bb¯8(
3PJ)]
)
〈OΥ(nS)8 (3P0)〉. (9.16)
NRQCD predicts that the most important matrix elements for the direct production of the
P-wave states χbJ(nP ) are suppressed by v
2 relative to 〈OΥ(nS)1 (3S1)〉. They can be reduced
by spin symmetry relations to a color-singlet parameter 〈O1(3P0)〉 and a single color-octet
parameter 〈O8(3S1)〉 for each radial excitation. Including only these matrix elements, the
NRQCD factorization formula (9.13) for direct χbJ(nP ) production reduces to
σ[χbJ(nP )] = (2J + 1)
(
σ[bb¯1(
3PJ)]〈Oχb0(nP )1 (3P0)〉+ σ[bb¯8(3S1)]〈Oχb0(nP )8 (3S1)〉
)
. (9.17)
The factors of 2J + 1 comes from using spin-symmetry relations.
The NRQCD approach to quarkonium production is a phenomenologically useful frame-
work only if the NRQCD expansion in (9.13) can be truncated after the matrix elements
of relative order v4. For S-waves, the truncation at order v2 essentially reduces to the
color-singlet model, which has been decisively ruled out by the CDF data on charmonium
production in Run I [30,31]. Truncation at order v6 introduces too many additional ad-
justable parameters to have any predictive power. In the NRQCD approach truncated at
relative order v4, the direct production of each S-wave radial excitation is described by four
matrix elements 〈O1(3S1)〉, 〈O8(3S1)〉, 〈O8(1S0)〉, and 〈O8(3P0)〉. The production of each
P-wave radial excitation is described by two matrix elements 〈O1(3P0)〉 and 〈O8(3S1)〉. The
NRQCD framework has considerable flexibility, because the color-octet matrix elements
are all adjustable parameters, but it is still restrictive enough to have predictive power.
Since the color-octet matrix elements are predicted to dominate at large pT , the NRQCD
approach has sometimes been called the color-octet model. This terminology should be
avoided, because NRQCD predicts that some production processes are dominated by color-
singlet matrix elements. The phrase NRQCD model would more accurately reflect the
theoretical assumptions that are involved.
The short-distance cross sections dσˆ in Eq. (9.13) can be calculated using perturba-
tive QCD. Most of the parton cross sections required by the NRQCD approach have been
calculated only to leading order in αs. There are three regions of pT that require some-
what different treatments: pT ≪ 2mb, pT ∼ 2mb, and pT ≫ 2mb. The simplest region is
pT ∼ 2mb. Here the leading order cross sections are of order α3s and come from the parton
processes ij → bb¯ + k. For lack of a better term, we refer to these as the fusion cross
sections. The fusion cross sections are known only to leading order in αs [32,33]. If they
could be calculated to next-to-leading order, it would allow for more accurate predictions
for quarkonium production in the region pT ∼ 2mb.
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That the region pT ≫ 2mb must be treated differently can be seen from the behavior of
the fusion cross sections as pT → ∞. The order-α3s cross sections dσˆ/dp2T fall like m4b/p8T
for bb¯1(
3S1), like m
2
b/p
6
T for bb¯1(
3PJ), bb¯8(
1S0), and bb¯8(
3PJ), and like 1/p
4
T for bb¯8(
3S1).
At higher orders in αs, all the bb¯ channels will exhibit the scaling behavior dσˆ/dp
2
T ∼ 1/p4T .
The scaling contributions can be expressed in the form
dσˆ[ij → bb¯(n) +X] =
∫ 1
0
dz dσˆ[ij → k +X]Dk→bb¯(n)(z), (9.18)
where Dk→bb¯(n)(z) is the fragmentation function that specifies the probability for a parton
k produced by a hard scattering to “decay” into a bb¯ pair in the state n with a fraction
z of the parton’s longitudinal momentum. The fragmentation functions begin at order αs
for bb¯8(
3S1), at order α
2
s for bb¯1(
3PJ), bb¯8(
1S0), and bb¯8(
3PJ), and at order α
3
s for bb¯1(
3S1).
They have all been calculated only to leading order in αs, with the exception of the bb¯8(
3S1)
fragmentation function, which has been calculated to next-to-leading order [34]. If they
could all be calculated to order α3s, it would allow more accurate predictions for quarkonium
production at large pT .
That the region pT ≪ 2mb must be treated differently can be seen from the behavior
of the fusion cross sections as pT → 0. The order-α3s cross sections dσˆ/dp2T for bb¯1(3S1)
and for bb¯1(
3P1) are well-behaved in this limit, but those for bb¯1(
3P0,2), bb¯8(
3S1), bb¯8(
1S0),
and bb¯8(
3PJ) diverge like 1/p
2
T . These are precisely the channels in which a bb¯ pair can be
created at pT = 0 by the order-α
2
s parton process ij → bb¯. If the cross section is integrated
over pT , the singular term proportional to 1/p
2
T in the cross section for ij → bb¯ + g is
canceled by a singular term proportional to δ(p2T ) in the next-to-leading order correction to
the cross section for ij → bb¯, so that the cross section integrated over pT is finite. These
next-to-leading order corrections have been calculated [35], and they allow the cross section
integrated over pT to be calculated to next-to-leading order. However what is really needed
to compare with the Tevatron data is the differential cross section in pT . To turn the naive
perturbative prediction for dσˆ/dp2T , which includes 1/p
2
T terms from ij → bb¯+ g and δ(p2T )
terms from ij → bb¯, into a smooth pT distribution requires taking into account multiple
soft-gluon radiation. Reasonable prescriptions for doing this are available, but they have
not yet been applied to this problem. This is the biggest obstacle to more quantitative
analyses of quarkonium production at the Tevatron.
9.2.2.1 Bottomonium
A pioneering NRQCD analysis of the CDF data on bottomonium production in Run IA of
the Tevatron was carried out by Cho and Leibovich [32]. An updated NRQCD analysis of
the CDF data from Run Ib was recently carried out in Ref. [27]. An alternative analysis
that uses PYTHIA to take into account some of the effects of soft gluon radiation has
been presented in Ref. [37]. In the analysis of Ref. [27], the color-singlet matrix elements
were extracted from Υ decay data or estimated using potential models. The color-octet
matrix elements were extracted from the CDF cross sections for Υ(1S), Υ(2S), and Υ(3S)
and the fractions of Υ(1S) coming from χb(1P ) and χb(2P ). To avoid the complications
of soft-gluon re-summation at small pT , the analysis used only the data for pT > 8 GeV.
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Figure 9.13: Inclusive cross section for Υ(1S) at Run I multiplied by its branching
fraction into µ+µ−: CDF data, the NRQCD fit of Ref. [27] (solid line), and the
color-singlet model prediction (dashed line).
Because the cross sections for bb¯8(
1S0) and bb¯8(
3PJ ) have similar dependences on pT , only
the linear combination Mr = 〈O8(1S0)〉 + r〈O8(3P0)〉/m2b with r ∼ 5 could be determined.
Two different sets of parton distribution functions were used for the analysis: MRST98LO
and CTEQ5L. The bottom quark mass was set tomb = 4.77±0.11 GeV. The resulting color-
octet matrix elements have large statistical error bars and many of them are consistent with
zero. There are also large uncertainties due to the renormalization and factorization scales.
The large errors limit the usefulness of these matrix elements for predicting bottomonium
production in other high energy processes.
In Figs. 9.13, 9.14, and 9.15, we show the CDF data on the differential cross sections
for Υ(1S), Υ(2S), and Υ(3S) at Run I of the Tevatron. The cross sections are integrated
over the rapidity range |y| ≤ 0.4 and then divided by 0.8. The solid curves are the central
curves for the NRQCD fits. The dashed curves are the leading order predictions of the
color-singlet model. The NRQCD curves agree with the data in the region pT > 8 GeV
used to fit the matrix elements, but the agreement deteriorates quickly at lower values
of pT . The data turns over and then approaches 0 at small pT . This is to be expected,
because the differential cross section dσ/dp2T should be an analytic function of p
2
T , which
implies that there is a kinematic zero in dσ/dpT = 2pTdσ/dp
2
T . In contrast with the data,
the NRQCD curves for Υ(1S) and Υ(3S) diverge like 1/pT as pT → 0. This unphysical
behavior is an artifact of fixed-order perturbation theory and could be removed by carrying
out the appropriate resummation of soft gluons. The NRQCD curve for Υ(2S) turns over
and goes negative at small pT . This unphysical behavior is an artifact of the fit, which gives
a negative central value for M5 that is consistent with zero to within the errors. The fact
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Figure 9.14: Inclusive cross section for Υ(2S) at Run I multiplied by its branching
fraction into µ+µ−: CDF data, the NRQCD fit of Ref. [27] (solid line), and the
color-singlet model prediction (dashed line).
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Figure 9.15: Inclusive cross section for Υ(3S) at Run I multiplied by its branching
fraction into µ+µ−: CDF data, the NRQCD fit of Ref. [27] (solid line), and the
color-singlet model prediction (dashed line).
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H RH(1.8 TeV) RH(2.0 TeV)
Υ(3S) 0.31 ± 0.14 0.36 ± 0.16
χb2(2P ) 0.44 ± 0.26 0.52 ± 0.30
χb1(2P ) 0.34 ± 0.16 0.39 ± 0.19
χb0(2P ) 0.20 ± 0.07 0.24 ± 0.08
Υ(2S) 0.65 ± 0.35 0.76 ± 0.41
χb2(1P ) 0.57 ± 0.26 0.66 ± 0.31
χb1(1P ) 0.41 ± 0.17 0.48 ± 0.19
χb0(1P ) 0.23 ± 0.08 0.26 ± 0.09
Υ(1S) 1 1.16 ± 0.02
Table 9.2: Inclusive cross sections for spin-triplet bottomonium states H at 1.8
TeV and 2.0 TeV divided by the inclusive cross section for Υ(1S) at 1.8 TeV. The
cross sections are integrated over pT > 8 GeV and |y| < 0.4.
that the NRQCD fit fails to describe the data below pT = 8 GeV emphasizes the need for an
analysis that takes into account soft gluon resummation at low pT . Such an analysis could
use the data from the entire range of pT that has been measured, and it would therefore
give matrix elements with much smaller error bars.
Because of the large uncertainties in the matrix elements, the only reliable predictions
that can be made based on the NRQCD analysis of Ref. [27] are those for which the large
errors cancel out. One such prediction is the increase in the cross section when the center-
of-mass energy is increased from 1.8 TeV in Run I of the Tevatron to 2.0 TeV in Run II.
In order to cancel out the large uncertainties in the matrix elements, it is convenient to
normalize the cross section for the bottomonium state H at center-of-mass energy
√
s to
that for inclusive Υ(1S) at
√
s = 1.8 TeV. We therefore define the ratio
RH(
√
s) =
σ[H;
√
s ]
σ[inclusive Υ(1S);
√
s = 1.8 TeV]
, (9.19)
where the cross sections are integrated over pT > 8 GeV and |y| < 0.4. In Table 9.2, we give
the ratios RH(
√
s) for the inclusive production of spin-triplet bottomonium states, both at√
s = 1.8 TeV and at
√
s = 2.0 TeV. When the center-of-mass energy is increased from 1.8
TeV to 2.0 TeV, all the cross sections increase by about the same amount. The increase
depends on pT , changing from about 15% at pT = 8 GeV to about 19% at pT = 20 GeV.
The percentage increase for Υ(1S) is shown as a function of pT in Fig. 9.16.
Another reliable application of the NRQCD analysis is to predict the cross sections
for the spin-singlet bottomonium states ηb(nS) and hb(nP ). The most important matrix
elements for ηb(nS) and hb(nP ) are related to those for Υ(nS) and χb(nP ) by the spin
symmetry of NRQCD. Thus, once the color-octet matrix elements are determined from the
production of spin-triplet states, the NRQCD approach truncated at order v4 predicts the
cross sections for the spin-singlet states without any new nonperturbative parameters. The
resulting expressions for the direct cross sections of ηb(nS) and hb(nP ) are
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Figure 9.16: Percentage increase in the inclusive cross section for Υ(1S) at 2.0
TeV compared to 1.8 TeV. The cross sections are integrated over pT > 8 GeV and
|y| < 0.4.
σ[ηb(nS)] =
1
3
σ[bb¯1(
1S0)]〈OΥ(nS)1 (3S1)〉+
1
3
σ[bb¯8(
1S0)]〈OΥ(nS)8 (3S1)〉
+σ[bb¯8(
3S1)]〈OΥ(nS)8 (1S0)〉+ 3σ[bb¯8(1P1)]〈OΥ(nS)8 (3P0)〉, (9.20)
σ[hb(nP )] = 3
(
σ[bb¯1(
1P1)]〈Oχb0(nP )1 (3P0)〉+ σ[bb¯8(1S0)]〈Oχb0(nP )8 (3S1)〉
)
. (9.21)
In Table 9.3, we give the ratios RH(
√
s) defined in (9.19) for the direct production of the
spin-singlet states, not including any effects from the feed down of higher bottomonium
states. The cross sections for direct hb(nP ) are significantly smaller than for inclusive
Υ(1S). Since the hb does not seem to have any distinctive decay modes that can be used
as a trigger, its discovery at the Tevatron is unlikely. However the cross sections for direct
H RH(1.8 TeV) RH(2.0 TeV)
ηb(3S) 1.83 ± 0.54 2.13 ± 0.62
hb(2P ) 0.07 ± 0.07 0.08 ± 0.09
ηb(2S) 1.60 ± 0.59 1.87 ± 0.69
hb(1P ) 0.11 ± 0.08 0.13 ± 0.09
ηb(1S) 4.59 ± 0.83 5.34 ± 0.96
Table 9.3: Direct cross sections for spin-singlet bottomonium states H at 1.8 TeV
and 2.0 TeV divided by the inclusive cross section for Υ(1S) at 1.8 TeV. The cross
sections are integrated over pT > 8 GeV and |y| < 0.4.
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ηb(nS), n = 1, 2, 3 are significantly larger than for inclusive Υ(1S). Thus it should be
possible to discover the ηb if one can identify a suitable decay mode that can be used as a
trigger. One promising possibility is the decay ηb → J/ψ + J/ψ [27].
9.2.2.2 Charmonium
The NRQCD factorization approach can be applied to charmonium production at the Teva-
tron as well as to bottomonium production. The differences are only quantitative. First, the
coupling constant αs(mc) ≈ 0.36 is larger than αs(mb) ≈ 0.22, so the radiative corrections
to the short-distance parton cross sections are larger for charmonium. Second, the typical
relative velocity v of the heavy quark is significantly larger for charmonium (v2 ∼ 1/4) than
for bottomonium (v2 ∼ 1/10). In the NRQCD approach truncated at relative order v4, the
terms that are neglected are suppressed only by an additional factor of v2 and are therefore
larger for charmonium than for bottomonium. A third difference is that the value of pT
above which fragmentation contributions become important is smaller by a factor of 3 for
charmonium, simply because mc ≈ mb/3.
An important experimental difference from bottomonium production is that charmo-
nium is also produced by decays of B hadrons. We define the prompt cross section for
a charmonium state to be the inclusive cross section excluding the contribution from B
hadron decays. Thus the prompt cross section is the sum of the direct cross section and the
indirect contributions from decays of higher charmonium states that were produced directly.
The experimental signature of prompt production is the absence of a displaced vertex that
would signal the weak decay of a B hadron.
NRQCD analyses of the CDF data on charmonium production from Run IA have been
carried out by several groups [32,38–41]. We describe briefly the analysis of Ref. [41]. The
color-singlet matrix elements were determined from annihilation decays of the charmonium
states. The color-octet matrix elements were obtained by fitting the CDF cross sections for
J/ψ, ψ(2S), and χcJ and by imposing the constraint from a preliminary CDF measurement
of the ratio of χc1 to χc2. Because the cross sections for cc¯8(
1S0) and cc¯8(
3PJ) have similar
dependences on pT , only the linear combination Mr = 〈O8(1S0)〉 + r〈O8(3P0)〉/m2b with
r ∼ 3.5 could be determined. The sets of parton distribution functions that were used were
MRST98LO and CTEQ5L. The charm quark mass was set to mc = 1.50± 0.05 GeV.
In Figs. 9.17 and 9.18, we show the CDF data on the differential cross sections for J/ψ
and ψ(2S) from Run IA [30,31]. The cross sections are integrated over the pseudorapidity
range |η| < 0.6. The curves are the results of the NRQCD fit and the leading-order predic-
tions of the color-singlet model. If the cross sections were measured at lower values of pT ,
they would turn over and go to zero like the Υ(1S) cross section in Fig. 9.13. In contrast,
the NRQCD curves continue rising and diverge like 1/pT as pT → 0. In order to obtain the
correct physical behavior at small pT , it would be necessary to carry out an analysis that
includes the effects of soft-gluon radiation. Neglecting these effects may introduce large
systematic errors into the NRQCD matrix elements. In an analysis using a Monte Carlo
event generator to take into account initial-state gluon radiation at the Tevatron, the values
of some of the color-octet matrix were decreased by an order of magnitude [42]. One should
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Figure 9.17: Prompt cross section for J/ψ at Run I multiplied by its branching
fraction into µ+µ−: CDF data, the NRQCD fit of Ref. [41], and the color-singlet
model prediction.
′
Figure 9.18: Prompt cross section for ψ(2S) at Run I multiplied by its branching
fraction into µ+µ−: CDF data, the NRQCD fit of Ref. [41], and the color-singlet
model prediction.
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H RH(1.8 TeV) RH(2.0 TeV)
ψ(2S) 0.21 ± 0.07 0.23 ± 0.08
χc2(1P ) 0.44 ± 0.08 0.50 ± 0.10
χc1(1P ) 0.40 ± 0.08 0.45 ± 0.09
χc0(1P ) 0.14 ± 0.03 0.16 ± 0.03
J/ψ 1 1.14 ± 0.08
Table 9.4: Prompt cross sections for spin-triplet charmonium states H at 1.8 TeV
and 2.0 TeV divided by the prompt cross section for J/ψ at 1.8 TeV. The cross
sections are integrated over pT > 5.5 GeV and |η| < 0.6.
H RH(1.8 TeV) RH(2.0 TeV)
ηc(2S) 0.37 ± 0.11 0.42 ± 0.12
hc(1P ) 0.033 ± 0.006 0.037 ± 0.007
ηc(1S) 1.73 ± 0.15 1.97 ± 0.72
Table 9.5: Direct cross sections for spin-singlet charmonium states H at 1.8 TeV
and 2.0 TeV divided by the prompt cross section for J/ψ at 1.8 TeV. The cross
sections are integrated over pT between 5 and 20 GeV and |η| < 0.6.
therefore be wary of using the matrix elements from existing analyses of the Tevatron data
to predict production rates in other high energy processes.
The safest applications of the NRQCD analysis are to observables for which the errors
associated with the extractions of the matrix elements tend to cancel out. One such observ-
able is the increase in the cross section when the center-of-mass energy is increased from 1.8
TeV to 2.0 TeV. It is convenient to normalize the cross section for the charmonium state H
at center-of-mass energy
√
s to that for prompt J/ψ at
√
s = 1.8 TeV by defining the ratio
(in analogy with Eq. (9.19))
RH(
√
s) =
σ[H;
√
s ]
σ[prompt J/ψ;
√
s = 1.8 TeV]
, (9.22)
where the cross sections are integrated over pT > 5.5 GeV and over |η| < 0.6. In Table 9.4,
we give the ratios RH(
√
s) for the inclusive production of spin-triplet charmonium states,
both at
√
s = 1.8 TeV and at
√
s = 2.0 TeV. When the center-of-mass energy is increased
from 1.8 TeV to 2.0 TeV, all the cross sections increase by about the same amount. The
increase depends on pT , changing from about 13% at pT = 5.5 GeV to about 18% at pT = 20
GeV. The percentage increase for J/ψ is shown as a function of pT in Fig. 9.19.
Another reliable application of the NRQCD analysis is to predict the cross sections for
the spin-singlet bottomonium states ηc(nS) and hc. The most important matrix elements
for ηc(nS) and hc are related to those for the spin-triplet states by the spin symmetry
of NRQCD. Thus, once the color-octet matrix elements are determined from the produc-
tion of spin-triplet states, the NRQCD approach predicts the cross sections for the spin-
singlet states without any new nonperturbative parameters. In Table 9.5, we give the ratios
RH(
√
s) defined in (9.22) for the direct production of the spin-singlet states, not including
Report of the B Physics at the Tevatron Workshop
468 CHAPTER 9. PRODUCTION, FRAGMENTATION AND SPECTROSCOPY
Figure 9.19: Percentage increase in prompt cross section for J/ψ at
√
s = 2.0 TeV
compared to 1.8 TeV as a function of pT . The cross sections are integrated over
pT > 5.5 GeV and |η| < 0.6.
any effects from the feed-down of higher charmonium states. The cross sections for direct
hc are significantly smaller than for prompt J/ψ, but the cross sections for direct ηc(nS),
n = 1, 2 are significantly larger. It may be possible to observe the ηc(1S) and perhaps even
discover the ηc(2S) if one can identify a suitable decay mode that can be used as a trigger.
9.2.2.3 Quarkonium polarization
The most dramatic prediction of the NRQCD factorization approach for quarkonium pro-
duction at the Tevatron is that the JPC = 1−− states like the J/ψ should be transversely
polarized at sufficiently large pT . This prediction follows from three simple features of the
dynamics of heavy quarks and massless partons. (1) The inclusive production of quarko-
nium at large pT is dominated by gluon fragmentation [43]. (2) At leading order in αs,
the cc¯ pair produced by gluon fragmentation is in a color-octet 3S1 state [44] with trans-
verse polarization. (3) The approximate spin symmetry of NRQCD guarantees that the
hadronization of a transversely polarized cc¯ pair produces a J/ψ that is predominantly
transversely polarized [45].
In the NRQCD approach truncated at relative order v4, the cross sections for polar-
ized quarkonium states can be calculated in terms of the matrix elements that describe
unpolarized production. The only complication is that both the parton cross sections and
the NRQCD matrix elements in the NRQCD factorization formula (9.13) become density
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matrices in the angular momentum quantum numbers of the cc¯ pairs. Thus the NRQCD
approach gives definite predictions for polarized quarkonium cross sections, without any
new nonperturbative parameters. In contrast, one of the basic assumptions of the color
evaporation model is that quarkonium is always produced unpolarized. This model can
therefore be ruled out by a measurement of nonzero polarization of quarkonium.
Figure 9.20: Polarization variable α for prompt J/ψ at Run I: CDF data and the
NRQCD prediction of Ref. [41].
Defining the angle θ by the direction of the µ+ with respect to the ψ direction in the ψ
center of mass frame, the normalized angular distribution I(θ) is given by
I(θ) =
1
σL + σT
[3
8
(1 + cos2 θ) σT +
3
4
sin2 θ σL
]
≡ 3
2(α + 3)
(1 + α cos2 θ). (9.23)
A convenient measure of the polarization of J = 1 quarkonium states is therefore the
variable α = (σT −2σL)/(σT +2σL), where σT and σL are the cross sections for transversely
and longitudinally polarized states, respectively. In Figs. 9.20 and 9.21, we show the CDF
measurements of α for prompt J/ψ and prompt ψ(2S) [46]. In Fig. 9.21 for ψ(2S), the bands
are the predictions from the NRQCD analyses of Leibovich [47], Beneke and Kramer [48]
and Braaten, Kniehl and Lee [41]. The widths of the bands and the deviations between
the predictions are indicators of the size of the theoretical errors. The calculation of α
for prompt J/ψ is complicated by the need to take into account the feed-down from χcJ .
The band in Fig. 9.20 is the prediction by Braaten, Kniehl and Lee [41]. For both prompt
J/ψ and prompt ψ(2S), the theoretical prediction for α is small around pT = 5 GeV, but
Report of the B Physics at the Tevatron Workshop
470 CHAPTER 9. PRODUCTION, FRAGMENTATION AND SPECTROSCOPY
Figure 9.21: Polarization variable α for prompt ψ(2S) at Run I: CDF data and
the NRQCD predictions of Refs. [41] (shaded band), [47] (dashed box), and [48]
(solid box).
then increases steadily with pT . If the data is taken at its face value, it suggests exactly the
opposite trend, decreasing at the largest values of pT for which it has been measured. There
are many effects, such as higher order corrections, that could dilute the polarization or delay
the onset of the rise in α, but the basic conclusion that α should increase to a positive value
at large pT seems to follow inescapably from the NRQCD factorization approach. If this
behavior is not observed in Run II, it will be a serious blow to this approach to quarkonium
production.
In Ref. [49], the polarization variable α has also been calculated for inclusive Υ(nS) using
the matrix elements from the NRQCD analysis of Ref. [27]. The prediction for inclusive
Υ(1S) as a function of pT is shown in Fig. 9.22. The variable α is predicted to be small for
pT less than 10 GeV, but it increases steadily with pT . The prediction is compatible with
the CDF measurement for pT in the range from 8 GeV to 20 GeV, which is α = 0.03±0.28.
The data from Run II should allow the prediction to be tested.
9.2.3 Polarization in quarkonium production †
Measurements of the J/ψ and ψ(2S) differential cross sections by CDF [30] separate the
cross sections into those ψ mesons coming from b-flavored hadron production and those
originating from prompt production mechanisms. This separation is made by reconstructing
†Authors: G. Feild, K. Sumorok, W. Trischuk
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Figure 9.22: Polarization variable α for inclusive Υ: NRQCD prediction from
Ref. [49].
the decay vertex of the J/ψ and ψ(2S) mesons using the CDF Silicon Vertex detector (SVX).
The fraction of J/ψ mesons coming from b-flavored hadron production increases from 15%
at 5 GeV/c to 40% at 18 GeV/c P
J/ψ
T . For ψ(2S) mesons, a similar increase is seen in the
range from 5 to 14 GeV/c. The prompt production of J/ψ mesons has three components:
a feed-down from χc production, a feed-down from ψ(2S) and a direct component. Only
the latter occurs in the production of ψ(2S) mesons. CDF has measured the fraction of
prompt J/ψ mesons coming from χc production to be (29.7 ± 1.7 ± 5.7)% of the total
prompt production [31]. From the measured ψ(2S) production cross section, the fraction
of the prompt J/ψ’s feeding down from ψ(2S) meson decays is calculated to be 7± 2% at
P
J/ψ
T = 5 GeV/c and 15± 5% at P J/ψT = 18 GeV/c. The fraction of directly produced J/ψ
mesons is 64± 6%, independent of P J/ψT between 5 and 18 GeV/c.
Having separated out the prompt J/ψ mesons coming from χc, both direct/prompt J/ψ
and ψ(2S) production appear to be ≈ 50 times higher than color-singlet model (CSM)
predictions [50].
9.2.3.1 NRQCD predictions for ψ meson polarization
Calculations based on the NRQCD factorization formalism are able to explain this anoma-
lous production [32,38]. The model increases the prompt production cross section by includ-
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ing color-octet cc states 1S
(8)
0 ,
3P
(8)
0 and
3S
(8)
1 in the hadronization process. At leading order
in αs, the color-singlet term in the parton cross section dσˆ/dp
2
T has a 1/p
8
T dependence at
large pT , the
1S
(8)
0 and
3P
(8)
0 terms have a 1/p
6
T dependence, and the
3S
(8)
1 term has a 1/p
4
T
dependence. This last term, which corresponds to the fragmentation of an almost on-shell
gluon into a cc¯ pair, dominates at high PT . An on-shell gluon is transversely polarized and
NRQCD predicts this polarization is transfered to the J/ψ or ψ(2S) mesons in the final
state.
A consequence of this mechanism is that the direct prompt J/ψ mesons and the ψ(2S)
mesons will approach 100% transverse polarization at leading order in αs for transverse
momenta pT ≫ mc where mc is the charm quark mass [45,51]. The observation of such a
polarization would be an indication of the NRQCD hadronization mechanism.
9.2.3.2 CDF polarisation measurements from Run I
CDF has made a measurement of the production polarization of J/ψ and ψ(2S) (collectively
ψ) mesons by analyzing decays into µ+µ− [46]. Defining the angle θ by the direction of the
µ+ with respect to the ψ direction in the ψ center of mass frame, the normalized angular
distribution I(θ) is given by Eq. (9.23).
Unpolarized ψ mesons would have α = 0, whereas α = +1 and −1 correspond to
fully transverse and longitudinal polarizations respectively. The polarization parameter for
prompt ψ production can be separated from the B-hadron decay component by fitting the
proper decay length distribution for ψ candidates with both muons reconstructed in the
SVX. Fig. 9.23 shows the fitted polarization of J/ψ mesons obtained by CDF from prompt
production and B-hadron decay compared with an NRQCD prediction for the prompt
production [41]. The prediction for J/ψ meson polarization includes dilutions due to the
contributions from χc and ψ(2S) decays. Fig. 9.24 shows the fitted polarization for ψ(2S)
mesons obtained by CDF from prompt production and B-hadron decay compared with
NRQCD predictions for prompt production from Refs. [48] and [41].
9.2.3.3 Polarization predictions for Run II
The measurements in Run I were based on a luminosity of 110 pb−1. Estimates for Run II
are made assuming a factor of 20 increase in integrated luminosity, or 2 fb−1. CDF is also
planning to increase the yield of its dimuon trigger by 50% by lowering the pT threshold. In
addition, the SVX will have increased coverage along the beam line leading to better accep-
tance for dimuons fully reconstructed in the SVX. This is crucial for separation of prompt
and B hadron decay production in this measurement. Overall a factor of 50 increase in the
effective statistics for Run II is assumed in our projections. We have extrapolated to higher
pT by using the fitted shape of the cross section below 20 GeV/c
2 in order to predict the
number of events in a given pT bin. We have estimated the errors by scaling the statistics
from Run I measurements. In Run I, systematic uncertainties on the polarization mea-
surement were small compared to the statistical errors. We anticipate that the systematics
can be improved with the Run II data samples, but even if this is not the case systematics
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Figure 9.23: The fitted polarization of J/ψ mesons from prompt production and
B-hadron decay. The shaded curve shows an NRQCD prediction from Ref. [41].
should still be negligible at the highest transverse momenta. Fig. 9.25 shows the expected
precision for a polarization measurement in Run II of promptly produced J/ψ and ψ(2S)
mesons. Relative to Run I, the pT range should be extended and the statistical precision on
the measurement improved. The points are slightly scattered about zero to ease visibility.
9.2.3.4 Upsilon production and polarization in CDF Run II
The CDF Run IB Υ(1S) differential production cross section, measured as a function of
transverse energy, is shown in Fig. 9.26. As discussed in section 9.2.2.1, this cross section
can be described by including NRQCD color-octet matrix elements in the fit to the data.
However, due to the free parameters in the fit, this compatibility alone is not enough to
demonstrate that the NRQCD description is correct. As in the case of the J/ψ and ψ(2S)
mesons, observation of transversely polarized Υ(1S) production due to gluon fragmentation
at high pT would provide further evidence in favor of the NRQCD framework over other
proposed models, such as the color-singlet model and the color-evaporation model.
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Figure 9.24: The fitted polarization of ψ(2S) mesons from prompt production
and B-hadron decay. The shaded curves are NRQCD predictions from Refs. [48]
and [41].
The Υ(1S) → µµ production polarization for events in the transverse energy range 8
GeV/c < pT (Υ) < 20 GeV/c has been determined in Run IB by measuring the muon decay
angle in the Υ rest frame as described in section 9.2.3.2. This measurement is done by
fitting longitudinally and transversely polarized Monte Carlo templates to the data shown
in Fig. 9.27. In this case the longitudinal fraction ΓL/Γ is measured to be 0.32± 0.11. The
longitudinal fraction can be related to the usual polarisation parameter, α, by: ΓL/Γ =
(1 − α) (3 + α). Thus our polarisation measurement in Υ decays yields a value of α =
0.03 ± 0.25. Our data is compatible with unpolarized production. This result does not
contradict the predictions of NRQCD as the transverse polarisation is only expected to be
large for transverse momenta pT ≫ mb, where mb is the b quark mass. We are probably
not probing sufficiently high pT with our current data.
An extrapolation of the Run IB cross section from Fig. 9.26 yields no appreciable cross
section for pT (Υ) > 20 GeV. However, assuming a factor 20 increase in data for Run II, a
polarization measurement statistically comparable to that from Run IB could be made in
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Figure 9.25: The expected precision for a polarization measurement in Run II
of promptly produced J/ψ and ψ(2S) mesons. The shaded curves are NRQCD
predictions from [41].
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Figure 9.26: The differential cross-section for Υ(1S) production measured by CDF
in Run I.
the transverse energy range 14 GeV < pT (Υ) < 20 GeV. Conversely, the prediction from
fits to the Run IB data shown in Fig. 9.13, predict a flattening of the cross section above
20 GeV. It will be quite interesting if such events are seen in Run II.
9.3 The Bc Meson
The Bc meson is the ground state of the b¯c system, which in many respects is intermediate
between charmonium and bottomonium. However because b¯c mesons carry flavor, they
provide a window for studying heavy-quark dynamics that is very different from the window
provided by quarkonium. The observation of approximate 20 Bc events in the Bc → J/ψlν
decay mode by the CDF-collaboration [52] in Run I of the Tevatron demonstrates that the
experimental study of the b¯c meson system is possible.
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Figure 9.27: The polarisation measured in Υ(1S) decays by CDF in Run I.
9.3.1 Spectroscopy†
The b¯c system has a rich spectroscopy of orbital and angular-momentum excitations. The
predicted spectrum is shown in Fig. 9.28. The only state that has been observed is the
ground state Bc, which was discovered by the CDF collaboration in Run I of the Teva-
tron [52]. They measured the mass to be 6.4 ± 0.4 GeV. The masses of the Bc and the
other states in the b¯c spectrum can be predicted using potential models whose parame-
ters are tuned to reproduce the spectra of the observed charmonium and bottomonium
states [53–58]. The range of the resulting predictions for the Bc mass is 6.24 ± 0.05 GeV.
The first excited state is the spin-1 state B∗c , which is predicted to be heavier by 78 ± 13
MeV. The mass of the Bc has also been calculated using lattice gauge theory to be 6.4±0.1,
where the uncertainty is dominated by the error from the omission of dynamical quarks [59].
†Authors: E. Braaten, R. K. Ellis
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Figure 9.28: Predicted spectrum for the b¯c mesons [56].
The majority of the Bc mesons produced at the Tevatron are produced indirectly via
the decay of excited b¯c mesons. The excited states cascade down through the spectrum via
a sequence of hadronic and electromagnetic transitions, until they reach the ground state
Bc(1S), which decays via the weak interaction [56]. The b¯c states with the best prospects
for discovery at the Tevatron are those that decay into Bc + γ. The discovery of the B
∗
c is
made difficult by the very low energy of the photon (∼ 80 MeV). The first radial excitation
B∗c (2S) decays into Bc+ γ with a much more energetic photon (∼ 600 MeV), but a smaller
fraction of the decay chains that end in Bc will have the B
∗
c (2S) as the next-to-last step.
States in the b¯c spectrum could also be discovered via 2-pion transitions into the Bc. The
most promising is the first radial excitation Bc(2S), whose mass is higher than that of the
B∗c by about 600 MeV.
9.3.2 Production1
One can think of the production of a Bc as proceeding in three steps. First, a b¯ and c with
small relative momentum are created by a parton collision. Second, the b¯ and c bind to
form the Bc or one of its excited states below the BD threshold. Third, the excited states
all cascade down to the ground state Bc via hadronic or electromagnetic transition. Thus,
1Authors: Eric Braaten, A. Likhoded
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the total production cross section for Bc is the sum of the direct production cross sections
for Bc and its excited states.
The direct production of the Bc and other b¯c mesons can be treated within the NRQCD
factorization framework described in Section 9.2.2. The cross section for the direct produc-
tion of a b¯c meson H can be expressed in the form of Eqs. (9.12) and (9.13), with bb¯(n)
replaced by b¯c(n). The short-distance cross section dσˆ[ij → b¯c(n)+X] for creating the b¯c in
the color and angular-momentum state n can be calculated as a perturbative expansion in
αs at scales of ordermc or larger. The nonperturbative matrix element 〈OH(n)〉 encodes the
probability for a b¯c in the state n to bind to form the meson H. The matrix element scales
as a definite power of the relative velocity v of the charm quark. For S-wave states, the
leading color-octet matrix element is suppressed by v4 relative to the leading color-singlet
matrix element. For P-wave states, the leading color-singlet matrix element and the leading
color-octet matrix element are both suppressed by v2 relative to the leading color-singlet
matrix element for S-waves.
The production mechanisms for b¯c differ in an essential way from those for bb¯, because
two heavy quark-antiquark pairs must be created in the collision. While a bb¯ pair can
be created at order α2s by the parton processes qq¯, gg → bb¯, the lowest order mechanisms
for creating b¯c are the order-α4s processes qq¯, gg → (b¯c) + bc¯. At the Tevatron, the gg
contribution dominates. The parton process gg → (b¯c) + bc¯ can create the b¯c in either
a color-singlet or color-octet state. We expect the cross section for color-octet b¯c to be
about a factor of 8 larger than for color-singlet b¯c, just from counting the color states. This
factor of 8 can partially compensate any suppression factors of v from the probability for
the color-octet b¯c to bind to form a meson. However, unlike the case of b¯b, there is no
dynamical enhancement of color-octet b¯c at low pT or at high pT . Color-octet production
processes should therefore be less important for b¯c mesons than for quarkonium.
All existing calculations for the cross sections of b¯c mesons have been carried out within
the color-singlet model. The b¯c is assumed to be created in a color-singlet state with the
same angular-momentum quantum numbers as the meson. The appropriate long-distance
matrix elements can be determined from the radial wavefunctions of the mesons as in
Eqs. (9.14) and (9.15). For the Bc and the first excited state B
∗
c , the matrix element is
proportional to |R1S(0)|2. Since the wavefunctions are known from potential models, the
cross sections for bc¯ mesons in the color-singlet model are absolutely normalized.
The production of b¯cmesons in the color-singlet model at leading order in αs was studied
in detail in the series of papers [60]. The cross sections are proportional to α4s(µ) and to a
wavefunction factor, which is |RnS(0)|2 for S-waves and |R′nP (0)|2 for P-waves. The largest
uncertainties in the theoretical predictions arise from the factor α4s(µ). There is a large
ambiguity in the choice of the scale µ, since the short-distance process involves several
scales, including mc, mb, and pT . For example, if the scale µ is varied from mc up to
2(mc +mb), the b¯c cross-section changes by a factor of 7. There are additional ambiguities
from the wave function factors and from the c-quark mass, but the resulting uncertainties
are less than a factor of 2.
The result of the order-α4s color-singlet model calculation for dσ/dpT of the Bc meson
at the Tevatron at 1.8 TeV are presented in Fig. 9.29. The cross section integrated over pT
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Figure 9.29: Differential cross sections for the Bc meson and doubly-heavy
baryons.
greater than pTmin is shown in Fig. 9.30. The prediction includes the feeddown from B
∗
c ,
but not from any of the higher b¯c states. The cross sections are integrated over |y| < 1. In
our calculations we used the following values of parameters. The quark masses were taken
to be mc = 1.5 GeV and mb = 4.8 GeV. The QCD coupling constant was frozen at the
value αs = 0.23, which describes the experimental data of the OPAL Collaboration on the
production of additional cc¯-pairs in e+e−-annihilation [60]. The radial wavefunction at the
origin for the Bc and B
∗
c was taken to be R1S(0) = 1.18 GeV
3/2. The cross-section for Bc
mesons is roughly three orders of magnitude smaller than that for B mesons due to the
presence of two heavy quark-antiquark pairs in the final state.
To estimate the inclusive Bc cross section, we must take into account the feeddown from
all the b¯c mesons below the BD threshold, all of which eventually cascade down into the
Bc via hadronic or electromagnetic transitions. Including the feeddown from all the higher
b¯c states and integrating over pT > 6 GeV and |y| < 1, the inclusive cross section for Bc is
predicted to be
σth(B
+
c ) = 2.5 nb, (9.24)
with an error that is roughly a factor of 3. This should be compared with the cross section
obtained from the experimental result [52], using the value (2.5±0.5)×10−2 for the branching
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Figure 9.30: Integrated cross sections for the Bc meson and doubly-heavy baryons.
fraction for B+c → J/ψ + lν,
σexp. ∼ 10± 6 nb . (9.25)
The Bc cross section should be measured much more accurately in Run II. If the cross
section proves to be significantly higher than predicted by the color-singlet model, it may
indicate that color-octet production mechanisms are also important.
9.3.3 Theory of Bc Decays
2
Decays of the long-lived heavy meson Bc, which contains two heavy quarks of different
flavors, were considered in the pioneering paper written by Bjorken in 1986 [61]. Bjorken’s
report gave a unified view of the decays of hadrons with heavy quarks: mesons and baryons
with a single heavy quark, the Bc meson, and baryons with two and three heavy quarks.
A major effort was recently directed to study the long-lived doubly-heavy hadrons using
modern understanding of QCD dynamics in the weak decays of heavy flavors. The modern
theoretical tools are the Operator Product Expansion, sum rules of QCD and NRQCD, and
potential models adjusted using data from hadrons with a single heavy quark. Surprisingly,
2Authors: V.V.Kiselev, A.K.Likhoded
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Bjorken’s estimates of total widths and various branching fractions are close to what is
evaluated in a more strict manner.
Various hadronic matrix elements enter in the description of weak decays. Measuring
the lifetimes and branching ratios therefore provides information about nonperturbative
QCD interactions. This is important in the determination of electroweak parameters, such
as the quark masses and the mixing angles in the CKM matrix, which enter into constraints
on the physics beyond the Standard Model. The accumulation of more data on hadrons
with heavy quarks will provide greater accuracy and confidence in our understanding of the
QCD dynamics that is necessary to isolate the electroweak parameters.
A new laboratory for such investigations is the doubly-heavy long-lived quarkonium
Bc recently observed for the first time by the CDF Collaboration [52]. The measured Bc
lifetime is equal to
τ [Bc] = 0.46
+0.18
−0.16 ± 0.03 ps . (9.26)
In studying the Bc meson, we can take advantage of two features that it has in common
with the b¯b and c¯c quarkonia: the nonrelativistic motion of the b¯ and c quarks and the
suppression of the light quark-antiquark sea. These two physical conditions imply two small
expansion parameters for Bc: the relative velocity v of quarks and the ratio ΛQCD/mQ of
the confinement scale to the heavy quark mass. The double expansion in v and 1/mQ
generalizes the HQET approach [62,63] to what is called NRQCD [64]. The energy release
in heavy quark decays determines the 1/mQ parameter to be the appropriate quantity for
the operator product expansion (OPE) and also justifies the use of potential models (PM) in
the calculations of hadronic matrix elements. The same arguments ensure the applicability
of sum rules (SR) of QCD and NRQCD.
The Bc decays were first calculated using potential models [65]. Various models gave
similar estimates after adjusting parameters to reproduce the semileptonic decay rates of B
mesons. The OPE evaluation of inclusive decays gave values for the lifetime and inclusive
widths that agreed with the sum of the dominant exclusive modes predicted by the potential
models. Quite unexpectedly, QCD sum rules gave values for the semileptonic Bc widths [66]
that were an order of magnitude smaller than predicted by the potential models and by
the OPE. The reason for this was that Coulomb-like αs/v corrections had been neglected
in the sum rule calculations. These corrections can be taken into account by summing up
αs/v corrections to all orders. They are significant both for heavy quarkonia and for the
Bc [67,68]. At present, all three approaches give similar results for the lifetime and inclusive
decay modes of the Bc for similar sets of parameters. Nevertheless, various dynamical
questions remain open:
• What is the appropriate renormalization scale for the nonleptonic weak Lagrangian,
which basically determines the lifetime of the Bc?
• What are the values of masses for the charmed and beauty quarks?
• What are the implications of NRQCD symmetries for the form factors of Bc decays
and partial widths?
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• How consistent is our understanding of the hadronic matrix elements that characterize
Bc decays with the data on the other heavy hadrons?
In the present short review of Bc decays, we summarize the theoretical predictions and
discuss how direct experimental measurements can answer the questions above.
9.3.3.1 Lifetime and inclusive decay rates
The Bc-meson decay processes can be subdivided into three classes:
• the b¯-quark decay with a spectator c-quark,
• the c-quark decay with a spectator b¯-quark and
• the annihilation decays b¯c→ l+νl, cs¯, us¯, where l = e, µ, τ .
In the b¯→ c¯cs¯ decays, one separates also the Pauli interference with the c-quark from the
initial state. In accordance with the given classification, the total width is the sum over the
partial widths from b¯c annihilation, b¯ decay, c decay, and Pauli interference.
The annihilation width is the sum of the widths from the annihilation of the b¯c into
leptons and quarks. In the width from annihilation into quarks, one must take into account
the hard-gluon corrections to the effective four-quark interaction of weak currents, which
give an enhancement factor a1 = 1.22 ± 0.04. The nonperturbative effects of QCD can be
absorbed into the leptonic decay constant fBc ≈ 400 MeV. This estimate of the contribution
from annihilation into quarks does not depend on a hadronization model, since a large
energy release of the order of the meson mass takes place. Because of helicity suppression,
the decay width is proportional to the square of the masses of leptons or quarks in the final
state. Thus the only important annihilation channels are b¯c→ τ+ντ and b¯c→ cs¯.
Bc decay mode OPE, % PM, % SR, %
b¯→ c¯l+νl 3.9± 1.0 3.7 ± 0.9 2.9± 0.3
b¯→ c¯ud¯ 16.2 ± 4.1 16.7 ± 4.2 13.1 ± 1.3∑
b¯→ c¯ 25.0 ± 6.2 25.0 ± 6.2 19.6 ± 1.9
c→ sl+νl 8.5± 2.1 10.1 ± 2.5 9.0± 0.9
c→ sud¯ 47.3 ± 11.8 45.4 ± 11.4 54.0 ± 5.4∑
c→ s 64.3 ± 16.1 65.6 ± 16.4 72.0 ± 7.2
B+c → τ+ντ 2.9± 0.7 2.0 ± 0.5 1.8± 0.2
B+c → cs¯ 7.2± 1.8 7.2 ± 1.8 6.6± 0.7
Table 9.6: Branching ratios of Bc decay modes calculated using the operator prod-
uct expansion (OPE) approach, by summing up the exclusive modes from potential
models (PM) [65,67], and by using sum rules (SR) of QCD and NRQCD [67].
For the non-annihilation contributions to the width of the Bc, one can apply the operator
product expansion (OPE) for the quark currents of weak decays [69]. One takes into account
the αs-corrections to the free quark decays and uses quark-hadron duality for the final states.
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Figure 9.31: The Bc lifetime calculated in QCD sum rules versus the scale of
hadronic weak Lagrangian. The shaded region shows the uncertainty of estimates,
the dark shaded region is the preferable choice as given by the lifetimes of charmed
mesons. The points represent the values in OPE approach taken from Ref. [69].
Then one considers the matrix element for the transition operator in the bound meson state.
The latter allows one also to take into account the effects caused by the motion and virtuality
of decaying quark inside the meson because of the interaction with the spectator. In this
way the b¯ → c¯cs¯ decay mode turns out to be suppressed almost completely due to the
Pauli interference with the charm quark from the initial state. The c-quark decays with a
spectator b¯ are also suppressed compared to the decay of a free c-quark, because of the large
binding energy of the initial state. Possible effects of interference between the leading-order
weak amplitudes and the penguin corrections in Bc decays were considered in the framework
of OPE in Ref. [70], and these corrections were estimated to be about 4%.
To calculate inclusive widths in the potential model approach, it is necessary to sum
up the widths of exclusive decay modes [65]. For semileptonic decays via the transition
b¯→ c¯l+νl, one finds that the hadronic final state is almost completely saturated by the most
deeply bound states in the c¯c system, i.e. by the 1S states ηc and J/ψ. For semileptonic
decays via the transition c → sl+νl, one finds that the only b¯s states that can enter the
accessible energy gap are the Bs and B
∗
s . Furthermore, the b¯ → c¯ud¯ channel, for example,
can be calculated by multiplying the decay width for b¯ → c¯l+νl by a color factor and by
taking into account hard-gluon corrections to the four-quark interaction. It can be also
obtained as a sum over the widths of decays involving specific ud¯ bound states.
The calculations of the total Bc width in the inclusive OPE approach and the exclusive
potential model approach give consistent values, if one takes into account the largest uncer-
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tainty, which comes from the quark masses (especially the charm quark). The final result
is
τ(Bc) = 0.55 ± 0.15 ps, (9.27)
which agrees with the measured value of the Bc lifetime.
The OPE estimates of inclusive decay rates agree with recent calculations in the sum
rules of QCD and NRQCD [67], where one assumed the saturation of hadronic final states
by the ground levels in the cc¯ and bs¯ systems as well as the factorization that allows one
to relate the semileptonic and hadronic decay modes. The Coulomb-like corrections in the
heavy quarkonia states play an essential role in the Bc decays and allow one to remove the
disagreement between the estimates in sum rules and OPE. In contrast to OPE, where the
basic uncertainty is given by the variation of heavy quark masses, these parameters are
fixed by the two-point sum rules for bottomonia and charmonia, so that the accuracy of
sum rule calculations for the total width of Bc is determined by the choice of scale µ for
the hadronic weak Lagrangian in decays of charmed quark. We show this dependence in
Figure 9.31, where mc/2 < µ < mc and the dark shaded region corresponds to the scales
preferred by data on the charmed meson lifetimes. Taking the preferred scale in the c→ s
decays of Bc to be equal to µ
2
Bc ≈ (0.85 GeV)2 and setting a1(µBc) = 1.20 in the charmed
quark decays, we predict the lifetime to be [67]
τ(Bc) = 0.48 ± 0.05 ps. (9.28)
9.3.3.2 Semileptonic and leptonic modes
The semileptonic decay rates were underestimated in the QCD sum rule approach of Ref.
[66], because large Coulomb-like corrections were not taken into account. The recent sum
rule analysis in [67,68] decreased the uncertainty, so that the estimates agree with the
calculations in the potential models. The widths and branching fractions calculated using
QCD sum rules are presented in Table 9.7. The expected accuracy is about 10%. In
practice, the most important semileptonic decay mode is to the J/ψ which is easily detected
in experiments via its leptonic decays [52].
The estimates for exclusive semileptonic decay rates of the Bc into 1S charmonium
states obtained from QCD sum rules agree with the values obtained from potential models
in Ref. [65], which also considered the contributions of decays to the excited 2S and 1P
states. The direct decay rate into P -wave charmonium states is about 20% of the direct
decay rate into the 1S states. The radiative decay of the χc states increases the total
semileptonic decay rate of Bc to J/ψ by about 5%. The exclusive semileptonic decay rates
of the Bc into the P-wave states χc and hc have also been calculated within a framework that
involves overlap integrals of the wavefunctions of the Bc and the charmonium states [71].
The dominant leptonic decay of Bc is given by the τντ mode (see Table 9.6). However,
it has a low experimental efficiency of detection because of hadronic background in the τ
decays and missing energy. Recently, in Refs. [72] the enhancement of muon and electron
channels in the radiative modes was studied. The additional photon allows one to remove
the helicity suppression for the leptonic decay of a pseudoscalar particle, which leads to an
increase of the muonic decay rate by a factor of 2.
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mode Γ, 10−14 GeV BR, %
Bse
+νe 5.8 4.0
B∗se
+νe 7.2 5.0
ηce
+νe 1.1 0.75
ηcτ
+ντ 0.33 0.22
J/ψe+νe 2.8 2.1
J/ψτ+ντ 0.7 0.51
Table 9.7: Widths and branching fractions for the semileptonic decay modes of
the Bc meson calculated using QCD sum rules. (For the branching fractions, we
set τBc = 0.46 ps.)
9.3.3.3 Nonleptonic modes
The inclusive nonleptonic width of the Bc can be estimated in the framework of quark-
hadron duality (see Table 9.6). However, calculations of exclusive nonleptonic modes usually
involve the approximation of factorization [73]. This approximation is expected to be quite
accurate for the Bc, since the light quark-antiquark sea is suppressed in b¯c mesons. Thus,
the important parameters are the factors a1 and a2 in the nonleptonic weak Lagrangian,
which depend on the renormalization scale for the Bc decays. The QCD SR estimates for
the widths of exclusive modes involving the nonleptonic decay of the charmed quark in
Bc are presented in Table 9.8 [67]. They agree with the values predicted by the potential
models.
For decays involving large recoils as in B+c → ψπ+(ρ+), the spectator picture of the
transition breaks down due to hard gluon exchanges. Taking these nonspectator effects into
account increases the estimates of potential models by a factor of 4 [74]. The corresponding
estimates in the factorization approach are determined by the leptonic decay constants and
by the QCD coupling constant at the scale of the virtuality of the hard gluon. Numerically,
one finds the values represented in Table 9.9. Due to the contribution of a t-channel diagram,
the matrix element is enhanced by a factor of 2 compared to the potential model value. The
spin effects in such decays were studied in [75]. The relative yield of excited charmonium
states can be also evaluated. For example, the branching fraction for B+c → ψ(2S)π+
should be smaller than that for B+c → ψπ+ by about a factor of 0.36. The contributions to
two-particle hadronic decays of Bc from P -wave states of charmonium were considered in
Refs. [76] and [71] using methods that involve the hard-scattering of constituents with large
recoil and the overlap of wave functions, respectively. In Ref. [76], the form factors have
power-law tails that come from one-gluon exchange, and they therefore obtain larger values
for the widths than Ref. [71], in which the form factors fall exponentially. The ratios of the
widths for B+c → ψ(2S)π+ in these two approaches agree with each other. The estimates of
B+c → ψ(2S)ρ+ modes are more model dependent. The cascade electromagnetic transitions
of the χc states increase the inclusive Bc → J/ψπ(ρ) decay rates by about 8%. Finally,
suppressed decays caused by flavor-changing neutral currents have been studied in Ref. [77].
CP-violation in Bc decays can be investigated in the same manner as for B decays,
although it is very difficult in practice because of the low relative yield of Bc compared to
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mode Γ, 10−14 GeV BR, %
Bsπ
+ 15.8 a21 17.5
Bsρ
+ 6.7 a21 7.4
B∗sπ
+ 6.2 a21 6.9
B∗sρ
+ 20.0 a21 22.2
Table 9.8: Widths and branching fractions of nonleptonic decay modes of the Bc
meson. (For the branching fractions, we set τBc = 0.46 ps and a1=1.26.)
mode BR, %
ψπ+ 0.67 ± 0.07
ηcπ
+ 0.87 ± 0.09
ψρ+ 1.96 ± 0.20
ηcρ
+ 2.43 ± 0.24
Table 9.9: Widths and branching fractions of charmonium decay modes of the Bc
meson. (For the branching fractions, we set τBc = 0.46 ps and a1=1.26.)
ordinaryB mesons: σ(Bc)/σ(B) ∼ 10−3. The expected CP-asymmetry ofA(B±c → J/ψD±)
is about 4 · 10−3, but this decay mode has a very small branching ratio of about 10−4 [78].
Another possibility is lepton tagging of the Bs in B
±
c → B(∗)s l±ν decays for the study of
mixing and CP-violation in the Bs sector [79].
9.3.3.4 Discussion and conclusions
We have reviewed the current status of theoretical predictions for the decays of Bc meson.
We have found that the operator product expansion, potential models, and QCD sum rules
all give consistent estimates for inclusive decay rates. The sum rule approach, which has
been explored for the various heavy quark systems, leads to a smaller uncertainty due to the
quite accurate knowledge of the heavy quark masses. The dominant contribution to the Bc
lifetime is given by the charmed quark decays (∼ 70%), while the b-quark decays and the
weak annihilation add about 20% and 10%, respectively. The Coulomb-like αs/v corrections
play an essential role in the determination of exclusive form factors in the QCD sum rules.
The form factors are expected to obey the relations dictated by the spin symmetry of
NRQCD and HQET with quite good accuracy.
The accurate direct measurement of the Bc lifetime can provide us with the information
on both the masses of charmed and beauty quarks and the normalization point of the
nonleptonic weak Lagrangian that is responsible for the Bc decay (the a1 and a2 factors).
The experimental study of semileptonic decays and the extraction of ratios for the form
factors can test the spin symmetry derived in the NRQCD and HQET approaches. It can
also decrease the theoretical uncertainties in the theoretical evaluation of quark parameters
as well as the hadronic matrix elements that take into account nonperturbative effects caused
by quark confinement. The measurement of branching fractions for the semileptonic and
nonleptonic modes can give information on the values of factorization parameters, which
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depend again on the normalization of the nonleptonic weak Lagrangian. The counting
of charmed quarks in Bc decays is also sensitive to nonperturbative effects, because it is
determined not only by the contribution from b quark decays, but also by the suppression
of b¯→ cc¯s¯ transitions due to destructive Pauli interference.
Thus, progress in measuring the Bc lifetime and decays should enhance the theoretical
understanding of what really happens in heavy quark decays.
9.3.4 DØ Study of Bc: Triggering and Reconstruction
3
9.3.4.1 Introduction
The Bc meson is a particularly interesting system to study since it contains two different
heavy quarks that are often in competition regarding subsequent decays. As a result,
measurements of its properties such as mass, lifetime, and decay branching ratios offer a
unique window into heavy quark hadrons. Since it has nonzero flavor, it has no strong or
electromagnetic annihilation decay channels, and it is the heaviest such meson predicted by
the Standard Model. Its weak decay is expected to yield a large branching fraction to final
states containing a J/ψ which is a useful experimental signature. The Bc meson (like the
single-b baryons and doubly-heavy baryons) is too massive to produce at the B factories
running at the Υ(4S). LEP has only a few Bc candidates, while CDF isolated a sample of
23 Bc decays in approximately 100 pb
−1 of data [52] in Run I resulting in the estimate that
σ(Bc)/σ(b) ≈ 2× 10−3.
9.3.4.2 DØ simulations
To examine DØ prospects for Run II, simulations were made of Bc production using
PYTHIA and reweighting the resulting spectrum to match the differential dσ/dpT cross
section calculated using code supplied by the authors of Ref. [80]. After reweighting, the
production spectrum of produced Bc mesons is shown in Fig. 9.32. The mass of the Bc
meson was set to 6.40 GeV and the lifetime to 0.50 ps, consistent with CDF and LEP
measurements [52,81]. The fraction of b → Bc was increased to 0.5 while the fractions of
b → B0d , B+, B0s , and Λb were scaled down appropriately. Any events containing two Bc
mesons were discarded in order to get the hadron composition of the “away-side” B hadron
correct. Events with pT (Bc) > 3 GeV and |η(Bc)| < 3 were retained.
The CLEO QQ package was used to force the semileptonic decay Bc → J/ψℓν (Br
≈ 2.5% [82]) and Bc → J/ψπ (Br ≈ 0.2% [82]) followed by the subsequent decays of
J/ψ → e+e− or J/ψ → µ+µ−. The distinctive trilepton signature of the first decay mode
was used to allow efficient triggering, from the presence of at least two electrons or muons
with significant transverse momentum, with reasonable background rates.
Detector simulations were performed at a number of different levels of sophistication:
MCFAST [83], PMCS (a DØ parameterized fast Monte Carlo), and full GEANT simulated
3Author: R. Van Kooten
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Figure 9.32: The differential cross section for the Bc meson used in the following
studies.
events to allow the use of a more realistic trigger simulator and reconstruction resolution
determination. Typical distributions of Bc decay products from the MCFAST simulation
are shown in Fig. 9.33.
9.3.4.3 Results
MCFAST simulations could be used to determine kinematic and trigger efficiencies; however,
the DØ trigger simulator was run on GEANT fully simulated events for a more sophisticated
and reliable treatment. Starting with the case of a semileptonically decaying Bc where all
three leptons are muons, Table 9.10 gives the DØ muon trigger efficiency for the indicated
criteria. “Medium” and “Tight” muon identification refers to the correspondingly tighter
requirements of coincidence of greater number of muon detector layers.
The status of the simulation of triggering on electrons is less complete, and trigger
efficiencies in this case were extrapolated from prior studies [84] for the decay B0d → J/ψK0S .
At Level 1, information from the electromagnetic calorimeter, the fiber tracker, and matches
between these and hits in the central preshower detector are expected to lead to a trigger
efficiency of approximately 30%, but with a substantial background rate. This background
rate is expected to be lowered to a reasonably low value with invariant mass cuts on the
electrons from the J/ψ → e+e− decay applied at Level 2 of the trigger. An overall efficiency
for triggering on states with di-electrons from the J/ψ decay is estimated to be 12.8%.
Although DØ will initially be running without a vertex silicon track trigger, studies
were made of the potential for such a trigger to help isolate a large sample of Bc mesons.
Note that the events were generated with a Bc lifetime set to 0.50 ps rather than the usual
lifetimes of 1.5–1.6 ps of the other B mesons. A decay length resolution of 116 µm has been
measured in MCFAST simulated events. A vertex silicon track trigger would operate by
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Figure 9.33: Kinematic distributions of (a) pT and (b) η for all particles (open
histograms) and for Bc semileptonic decay products (dark histograms)
examining the impact parameter significance, i.e., b/σb, where b is the impact parameter
of a track and σb its error. The distribution of this quantity for tracks from Bc decay is
shown in Fig. 9.34(a). This distribution is substantially narrower than for tracks from other
B meson decays due to the shorter lifetime of the Bc. The trigger efficiency obtained by
cutting on the presence of one or more tracks with large impact parameter significance is
shown in Fig. 9.34(b). For the same background rate, the efficiency is about a factor of 2.5
times smaller than the comparable rate for B0d → J/ψK0S decays.
In the Bc → J/ψℓν channel, a typical mass reconstruction of the J/ψ through its decay
into µ+µ− is shown in Fig. 9.35(a) indicating a mass resolution σm of 29 MeV. Events are
required to have the invariant mass of the two leptons assigned to the J/ψ within 2σm of
the J/ψ mass. To reduce backgrounds, the pT of the combined (J/ψ plus lepton) system
was required to be greater than 8 GeV, and the decay length of the J/ψ-lepton vertex was
required to be greater than 50 µm. Kinematic quantities such as the trilepton invariant
mass yield information on the mass of the decaying state (Fig. 9.35).
Similar studies were extended to the Bc → J/ψπ decay channel that would allow an
exclusive reconstruction of the Bc meson but with smaller statistics due to the small ( 0.2%)
branching ratio for this final state. With only two leptons to trigger on, the overall trigger
efficiency for the di-muon final state analogous to that shown in Table 9.10 is found to be
slightly lower with a value of 0.24. The mass resolution of the reconstructed Bc without
constraints on the J/ψ mass is found to be 52 MeV.
We proceed to estimate the expected number of Bc events reconstructed by DØ in Run II
with an integrated luminosity of 2 fb−1. One could use the estimate of σ(B+c )/σ(b¯) =
1.3 × 10−3 compared to the measurement of σ(B+)/σ(b¯) = 0.378 ± 0.022. It is more
straightforward to use the CDF measurement [52] of
σ(B+c ) · Br(B+c → J/ψℓν)
σ(B+) · Br(B+ → J/ψK+) (9.29)
and comparisons of DØ’s trigger and reconstruction efficiency with the corresponding CDF
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Criteria Efficiency DØ Designation
Single Muon
pµT > 4 GeV
|ηµ| < 1.5 0.23 MTM5, MUO(1,4,A,M)
“Medium”
pµT > 4 GeV
|ηµ| < 1.5 0.08 MTM6, MUO(1,4,A,T)
“Tight”
Di-Muon
Both pµT > 2 GeV
|ηµ| < 1.5 0.16 MTM10, MUO(2,2,A,M)
“Medium”
Both pµT > 4 GeV
|ηµ| < 2.0 0.15 MTM12, MUO(2,4,A,M)
“Medium”
“Or” of above 0.28
Table 9.10: DØ Level 1 muon trigger efficiencies for trilepton final states from
semileptonic decay of Bc mesons with pT (Bc) > 3 GeV and |η(Bc)| < 3.
efficiencies. This leads to an estimate that approximately 600 identified B+c → J/ψℓν would
be produced. This sample is large enough to make improvements in the lifetime and mass
measurements that would significantly increase our understanding of the Bc system. In
addition, samples of 30–40 fully exclusive decays such as B+c → J/ψπ can also be expected
that would clearly supplement the semileptonic decay measurements which suffer from the
escaping neutrino. Of course, proportionally much larger samples would be expected in
subsequent runs of the Tevatron beyond Run IIa.
9.3.5 CDF Projections for B+c yield in Run II
†
9.3.5.1 Introduction
We present here the CDF projections for the B+c yield in Run II by performing studies with
Run I data and with Monte Carlo simulation and by using theoretical expectations for the
branching ratios of various B+c decay channels. We are making some simple projections for
the decays B+c → J/ψπ+, B+c → B0sπ+ and B+c → J/ψl+ν. Please keep in mind for the
rest of this section that references to a specific state imply the charge-conjugate state as
well.
†Authors: Wei Hao, Vaia Papadimitriou
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Figure 9.34: (a) Impact parameter divided by its error for track fromBc → J/ψℓν;
(b) efficiency of future silicon track trigger as a function of cut on b/σb.
9.3.5.2 Monte Carlo generation and simulation
B+c Monte Carlo events were generated with a “toy” Monte Carlo using the Pt spectrum
from a full α4s perturbative QCD calculation of hadronic production of the B
+
c meson [98]
and assuming a flat rapidity y distribution (see Fig. 9.36). The B+c mesons were generated
with the mass set to 6.2 GeV/c2, lifetime set to 0.3335 ps and in the region Pt(B
+
c ) >
3.0 GeV/c and |y(B+c )| < 1.5. The B+c mesons were decayed to J/ψπ+ or other decay
channels using the CLEO decay table (QQ) and then they were simulated by the CDF
Run I simulation package QFL′.
B+ events, for comparison, were generated with a Monte Carlo which is generating
b quarks according to the next-to-leading order QCD predictions [99], using a scale µ =
µ0/2 ≡
√
(Pt)2 + (mb)2/2 where Pt is the transverse momentum of the b quark and mb its
mass. mb is set to 4.75 GeV/c
2. The b quark is fragmented into b hadrons using Peterson
fragmentation [100] with the fragmentation parameter, ǫb, set to 0.006 . In Fig. 9.37 we
show the Pt spectrum of the B
+, at the generation level, for Pt(min) of the b-quark equal
to 5.0 GeV and in the rapidity region −1.3 < YRANGE < 1.3. The B+ events were decayed
to J/ψK+ using QQ and then they were simulated by QFL′.
The theoretical cross sections used for the Monte Carlo generations were calculated for√
s = 1.8 TeV.
9.3.5.3 Selection Criteria for the B+c → J/ψπ+ decay channel
To select J/ψ → µ+µ− candidates, we require that the transverse momentum, Pt, of each
muon is greater than 2.0 GeV/c. The CMU muon chambers, at a radius of 3.5 m from the
beam axis, cover the pseudorapidity region |η| < 0.6. These chambers are complemented by
the central muon upgrade system (CMP) which consists of four layers of drift tubes behind
two feet of steel. In addition we have the CMX muon chambers covering the pseudorapidity
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Figure 9.35: (a) µ+µ− invariant mass distribution in Bc → J/ψℓν events; (b)
tri-lepton invariant mass distribution that can be used to extract the Bc mass.
region 0.6< |η| <1.0. The position matchings between muon chamber track and the track
as measured in the Central Tracking Chamber (CTC) are required to have χ2 < 9.0 in r-φ
and χ2 < 12 in r-z. There is no requirement on a specific trigger path. We require that
at least one muon is reconstructed in the Silicon VerteX detector (SVX) (i.e. at least 3
associated SVX hits were found). We then keep the J/ψ candidates so that the muon pair
passes a vertex constrained fit and the mass of the pair is within 50 MeV of the known
value [101] of the J/ψ mass.
After the J/ψ candidates are found, events are scanned for other daughter particle
candidates, π+’s in this case, from B+c decays. We reconstruct the B
+
c by performing a
vertex-constrained fit. The tracks with more than 3 associated SVX hits are considered to
be SVX tracks, and all others are considered to be CTC tracks. We apply no further quality
cuts to the SVX tracks. In the vertex constrained fit the invariant mass of the µ+µ− pair
is constrained to the known J/ψ mass [101]. For each B+c candidate, we require that the
χ2 probability of the fit be greater than 1%.
After the B+c is reconstructed, the following cuts are applied: all the B
+
c candidates
are required to have transverse momentum Pt(B
+
c ) greater than 6.0 GeV/c; proper lifetime
ct(B+c ) greater than 80 µm; impact parameter with respect to the beam line |Ixy(B+c )| less
than 80 µm. We also require that the π+ is reconstructed in the SVX and that Pt(π
+) > 2.5
GeV/c.
9.3.5.4 Acceptance Calculation using QFL′
Using the QFL′ Monte Carlo we find that the geometric/kinematic acceptance for B+c →
J/ψπ+ is equal to ∼0.018 while the same acceptance, and with the same selection criteria,
for B+ → J/ψK+ is equal to ∼0.04 [102]. These acceptances are calculated in the region
6.0 < Pt < 30.0 and |y| < 0.9 where Pt and y are the transverse momentum and rapidity,
respectively, of the B+c or B
+ mesons. The acceptances are calculated with the default kine-
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Figure 9.36: Pt distribution of B
+
c mesons in GeV/c, at the generation level.
Figure 9.37: Pt distribution of B
+ mesons in GeV/c, at the generation level.
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matic cuts of Pt(B
+
c , B
+) > 6.0GeV/c, Pt(π
+,K+) > 2.5GeV/c, |Ixy(B+c , B+)| < 80µm and
ct(B+c , B
+) > 80µm. At least one of the two muons forming the J/ψ has to be reconstructed
in the SVX. These acceptances do not include any trigger efficiency corrections.
9.3.5.5 Yield estimate for the B+c → J/ψπ+ decay channel
We know that σ(B+c ) ·BR(B+c → J/ψπ+) is equal to:
Rl · σ(B+) ·BR(B+ → J/ψK+) · BR(B
+
c → J/ψπ+)
BR(B+c → J/ψl+ν) ,
where
Rl =
σ(B+c ) · BR(B+c → J/ψl+ν)
σ(B+) · BR(B+ → J/ψK+) (9.30)
and σ stands for production cross section and BR stands for branching ratio. We get the
ratio Rl from [52], σ(B
+) from [103] and BR(B+ → J/ψK+) from [101]. We tabulate the
theoretical expectations for the value of the ratio
R =
BR(B+c → J/ψπ+)
BR(B+c → J/ψl+ν) (9.31)
in Table 1. These values cover a wide spectrum from 0.06 to 0.32 according to References
[104]- [61]. For this study we use as a default value the one from Reference [104]. σ(B+c ) ·
BR(B+c → J/ψπ+) is equal to (0.132+0.061−0.052) · (3.52± 0.61µb) · (9.9± 1.0)× 10−4 · (0.091) =
(4.6±2.3)· 10−4· 0.091 µb. Then we multiply the calculated value of σ(B+c ) · BR(B+c →
J/ψπ+), which is the cross section times the branching ratio of either positively charged
or negatively charged Bc’s, by the branching ratio of the decay J/ψ → µ+µ− [101], by the
total integrated luminosity (100 pb−1) and by the kinematic/geometric acceptance of the
decay B+c → J/ψπ+ (0.018). This way we get the number, S, of B+c → J/ψπ+ events
expected in our Run I sample. Then we multiply that number by 2 to account for both
positively and negatively charged particles. S is approximately equal to 9 events. If we
consider the variations in R discussed above, then the expected number of B+c → J/ψπ+
events in Run I varies between 6 and 32.
One could think that we could possibly exclude the possibility of an R in the range of
0.3 based on the number of events we currently observe or based on the limit we set on
Rπ =
σ(B+c ) · BR(B+c → J/ψπ+)
σ(B+) ·BR(B+ → J/ψK+) (9.32)
in [108] using Run I data. As can be seen from Fig. 9.38, which is taken from Reference [108],
Rπ < 0.10 for a B
+
c lifetime of 0.33 ps and Rπ < 0.07 for a B
+
c lifetime of 0.50 ps. We can
write Rπ as equal to:
Rl · BR(B
+
c → J/ψπ+)
BR(B+c → J/ψl+ν) .
We get the ratio Rl from ref. [52] to be equal to 0.132 and the ratio
BR(B+c →J/ψπ
+)
BR(B+c →J/ψl+ν)
to be
in the range 0.06-0.32. This results in Rπ in the range 0.008-0.04. We see that we cannot
really exclude the value 0.32 for R based on our published limit for Rπ.
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Figure 9.38: The circular points show the different 95% CL limits on the ratio of
cross section times branching fraction for B+c → J/ψπ+ relative to B+ → J/ψK+
as a function of the B+c lifetime. The dotted curve represents a calculation of this
ratio based on the assumption that the B+c is produced 1.5 × 10−3 times as often
as all other B mesons and that Γ(B+c → J/ψπ+) = 4.2× 109 s−1.
For Run IIa we expect to have an integrated luminosity of 2 fb−1, that is an increase by a
factor of 20 in comparison with Run I. In Run II we will take data with an upgraded silicon
detector that has extended coverage in comparison to Run I by a factor of 1.4. We also plan
to run with extended muon coverage for muons of type CMP (x1.2) and CMX (x1.3) and
with lower muon Pt thresholds. For CMU type muons we plan to lower the thresholds from
2.0 GeV/c to 1.5 GeV/c. If we lower our Pt muon thresholds from 2.0 GeV/c to 1.5 GeV/c
in our current Run I analysis we get an increase of acceptance by a factor of 1.43. According
to reference [109] there will be a factor of 2 increase in the B0 → J/ψK0s yield due to the
extended muon coverage and due to the lowering of the muon Pt threshold from 2.0 GeV/c
to 1.5 GeV/c. Assuming conservatively an increase in yield in Run IIa by a factor of 40
in comparison to Run I we expect to have approximately 360 events in the decay channel
B+c → J/ψπ+.
In Fig. 9.39 we show the distribution of the B+c mass from Monte Carlo after the selection
requirements described above. Here we have lowered the muon Pt threshold to 1.5 GeV/c.
The mass resolution is 17.9±0.3 MeV.
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Reference B+c → J/ψπ+ B+c → J/ψl+ν R
Chang, Chen (1994) [104] Γ = 3.14 · 10−6 eV Γ = 34.4 · 10−6 eV 0.091
Gershtein et al (1998) [106] BR = 0.2% BR = 2.5% 0.08
Gershtein et al (1995) [105] Γ = 3.14 · 10−6 eV Γ = 38.5 · 10−6 eV (ISGW1) 0.08
Γ = 3.14 · 10−6 eV Γ = 53.1 · 10−6 eV (ISGW2) 0.06
Kiselev et al. (1999) [107] BR = 0.67% BR = 2.1% 0.32
Bjorken (1986) [61] BR = 0.6% BR = 2.0% 0.29
Table 9.11: Theoretical estimations of the branching ratios of two B+c decay modes
and of their ratio R.
9.3.5.6 Yield estimate for the B+c → B0sπ+ decay channel
From Reference [104] we see that Γ = 73.3 · 10−6 eV for the decay channel B+c → B0sπ+
and that Γ = 34.4 · 10−6 eV for the decay channel B+c → J/ψl+ν. Using the fact that from
References [61,106,107] the branching ratio of B+c → J/ψl+ν is expected to be ∼2.2%, we
derive the branching ratio for B+c → B0sπ+ to be equal to 4.7%.
According to Reference [110] we had 58±12 B0s → J/ψφ events in Run I and if we
multiply the yield by a factor of 40 for Run IIa we will have ∼ 2,400 events.
From Reference [109] we see that we expect 23,400 fully reconstructed B0s events in the
decay channels B0s → D−s π+ and B0s → D−s π+π−π+ for scenario A and 15,300 events for
scenario C. Scenario A corresponds to a Tevatron running with bunch spacing of 396 ns and
instantaneous luminosity of 0.7 × 1032 cm−2s−1 and scenario C corresponds to a Tevatron
running with bunch spacing of 396 ns and instantaneous luminosity of 1.7 × 1032 cm−2s−1.
Based on these we conservatively assume a total of 25,000 fully reconstructed B0s events in
Run IIa.
From the CDF measurement of Rl [52], from the branching ratios of B
+
c → J/ψl+ν =
2.2% and B+ → J/ψK+ = 0.099% [101] and from the fact that 39.7% of b quarks frag-
ment into B+ mesons [101] we get that σ(B+c )/σ(b) is equal to 2.3 · 10−3. On the other
hand we know that σ(B0s )/σ(b) is equal to 10.5% [101], that is, σ(B
0
s )/σ(B
+
c ) is equal to
45.6. Therefore the observed number of B+c → B0sπ+ events in Run IIa will be equal to
25, 000/45.6 ·4.7% ·Aπ where Aπ is the acceptance for finding the pion in B+c → B0sπ+ after
having found the B0s . For Aπ = 100%, we would observe 26 such decays.
If we wanted to estimate how many of the expected 25,000 fully reconstructed B0s events
in Run IIa will originate from B+c decays, we would have to multiply 25, 000/45.6 = 548.2
by the branching ratio BR(B+c → B0s/B0∗s X) and the acceptance of reconstructing X in
the presence of the B0s/B
0∗
s .
In Table 9.12 we show the widths of various B+c decays involving a B
0
s or a B
0∗
s meson
from Reference [104]. If this is a complete list of the B+c decays involving a B
0
s or a B
0∗
s
and if we use the fact (as in the beginning of this section) that Γ = 34.4 · 10−6 eV for the
decay B+c → J/ψl+ν and the corresponding branching ratio is expected to be ∼2.2%, then
BR(B+c → B0s/B0∗s X) is expected to be equal to 29.5%. It will be very useful to measure
the above branching ratios. If the expectations are correct though, the above discussion
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Figure 9.39: Mass distribution of B+c mesons in GeV/c
2.
indicates that we will not have many B+c candidates decaying to a B
0
s or a B
0∗
s . We have
to also take into account that it will not be easy to detect the photon from the B0∗s decay
or to reconstruct the ρ meson in some of the above decays.
9.3.5.7 Yield estimate for the B+c → J/ψl+ν decay channel
For the decay channel B+c → J/ψl+ν we expect to observe ∼ 800 events in Run IIa based
on the 20.4 candidates of Run I [52] and the factor of 40 expected increase in the yield.
9.3.5.8 Conclusion
In Run IIa we expect to see ∼ 800 B+c → J/ψl+ν events, ∼ 360 B+c → J/ψπ+ events and
maybe a small number of events from other exclusive decay channels. We can use these
events to measure accurately the B+c mass and lifetime as well as ratios of various B
+
c
branching ratios.
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Decay Mode Width in 10−6 eV [104]
B+c → B0se+ν¯e 26.6
B+c → B0∗s e+ν¯e 44.0
B+c → B0sπ+ 73.3
B+c → B0sρ+ 56.1
B+c → B0∗s π+ 64.7
B+c → B0∗s ρ+ 188.0
B+c → B0sK+ 5.27
B+c → B0∗s K+ 3.72
Total 461.69
Table 9.12: Theoretical estimates of the width of B+c decay modes involving B
0
s
or B0∗s in the final states.
9.4 Doubly-heavy Baryons
Doubly-heavy baryons are baryons that contain two heavy quarks, either cc, bc or bb. These
hadrons provide yet another window onto the dynamics of heavy quarks. Doubly-heavy
baryons are expected to be produced at respectable rates at the Tevatron; the basic pro-
duction cross sections are in the nanobarn range. Also of interest are the states formed
from three heavy quarks: bbb, bbc, bcc or ccc. We do not provide cross section estimates for
these triply-heavy baryons.
9.4.1 Spectroscopy†
The spectroscopy of baryons containing two heavy quarks QQ is of interest because of
similarities both to a quarkonium state, QQ¯ and to a heavy-light meson, Q¯q. On the one
hand, the slow relative motion of the two heavy quarks is similar to quarkonium. On the
other hand, the lighter degree of freedom moves relativistically around the slowly moving
QQ. Since the QQ is in a color antitriplet state, in the heavy quark limit the system is very
similar to a Q¯q system.
A rich spectrum of excitations is expected, both excitations of the QQ system as well
as the light degrees of freedom. However from the experimental point of view, a detailed
discussion of the excited states is probably premature. We will limit our discussion here
to the estimates of the masses of the lowest lying states, ΞQQ′ = (QQ
′q), ΩQQ′ = (QQ
′s)
containing two heavy quarks and the states ΞQQQ′ = (QQQ
′), ΩQQQ = (QQQ) containing
three heavy quarks. Where the corresponding J = 12 state exists, the J =
3
2 states are
unstable decaying to the ground state by photon emission. The hyperfine splittings with
the spin-12 states are calculated using the procedure of De Rujula et al. [125]. Ignoring
electromagnetism we have that
H = H0 + α
∑
i<j
si · sj
mimj
, (9.33)
†Author: R.K. Ellis
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where the sum runs over the three pairs of quarks and α is a constant fixed using the normal
decuplet-octet splitting.
Estimates for the masses and spectra of the baryons containing two or more heavy quarks
have been considered by many authors [111]- [124]. We are not aware of a reference which
gives the masses of all the states we are interested in. This is of some importance since the
separation between states may be more reliable than the absolute energy scale. We have
therefore created a complete list, using the simple procedure suggested by Bjorken [111].
The mass of the spin-32 , QQQ baryons are calculated by scaling from the QQ¯ state,
MQQQ
MQQ¯
=
3
2
+
k
m
4
3
+
k′
ln2m/m0
. (9.34)
Experience from the ∆, ρ and Ω, φ systems suggest the values
Mccc = (1.59 ± 0.03)Mcc¯, Mbbb = (1.56 ± 0.02)Mbb¯ . (9.35)
The other spin-32 baryons are estimated using an equal spacing rule to interpolate between
the QQQ state and normal J = 32 baryons. This results in the rule that replacing a b-quark
by a c-quark costs 3.280 GeV, a c-quark by an s-quark costs 1.085 GeV, and an s-quark by
a u-quark costs 0.145 GeV. Finally the masses of the spin-12 baryons are calculated using
the procedure and mass values of DGG [125]. The results for the hyperfine splitting are
E(abc, J =
3
2
) = E0 +
α
4
( 1
mamb
+
1
mbmc
+
1
mcma
)
,
E(bbc, J =
1
2
) = E0 +
α
4
( 1
m2b
− 3
mbmc
)
,
E(abc, J =
1
2
) = E0 +
α
4mambmc
(
− Σ− 2
√
∆
)
,
E′(abc, J =
1
2
) = E0 +
α
4mambmc
(
− Σ+ 2
√
∆
)
, (9.36)
where Σ = ma +mb +mc,∆ = Σ
2 − 3(mamb +mbmc +mcma). The values found using
this procedure are compared with the results of other authors in Table 9.13. We quote only
the central values and refer the reader to the original publications for the estimated errors.
There is substantial agreement between all estimates if these errors are taken into account.
9.4.2 Production†
The direct production of a doubly-heavy baryon can be treated within the NRQCD factor-
ization framework described in Section 9.2.2. The cross section for the direct production of
a bc baryon H can be expressed in the form (9.1) and (9.13), except that bb¯(n) is replaced
by bc(n). The short-distance cross section dσˆ[ij → bc(n) + X] for creating the bc in the
color and angular-momentum state n can be calculated as a perturbative expansion in αs
at scales of order mc or larger. The nonperturbative matrix element 〈OH(n)〉 encodes the
†Authors: E. Braaten, A. Likhoded
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State Mass ref. [113] Mass ref. [112] Mass ref. [114] Mass
Ξ++cc (ccu, J =
3
2) 3.735 3.81 3.746 3.711
Ω+cc(ccs, J =
3
2) 3.84 3.89 3.851 3.848
Ω++ccc (ccc, J =
3
2) 4.925
Ξ++cc (ccu, J =
1
2) 3.70 3.66 3.676 3.651
Ω+cc(ccs, J =
1
2) 3.72 3.76 3.787 3.811
Ξ+bc(bcu, J =
3
2) 7.02 7.02 7.083 7.000
Ω0bc(bcs, J =
3
2 ) 7.105 7.11 7.165 7.128
Ξ+bcc(bcc, J =
3
2) 8.202
Ξ+bc(bcu, J =
1
2) 6.93 6.95 7.029 6.938
Ξ′ +bc (bcu, J =
1
2) 7.00 7.053 6.971
Ω0bc(bcs, J =
1
2 ) 7.00 7.05 7.126 7.095
Ω′ 0bc (bcs, J =
1
2) 7.09 7.148 7.115
Ξ+bcc(bcc, J =
1
2) 8.198
Ξ0bb(bbu, J =
3
2) 10.255 10.28 10.398 10.257
Ω−bb(bbs, J =
3
2) 10.315 10.36 10.483 10.399
Ξ0bbc(bbc, J =
3
2) 11.481
Ω−bbb(bbb, J =
3
2 ) 14.760
Ξ0bb(bbu, J =
1
2) 10.21 10.23 10.235
Ω−bb(bbs, J =
1
2) 10.27 10.32 10.385
Ξ0bbc(bbc, J =
1
2) 11.476
Table 9.13: Mass estimates in GeV for low-lying baryons with two or more heavy
quarks. The last column shows our values derived using the methods of Ref [111].
probability for a bc in the state n to bind to form the baryon H. The matrix element scales
as a definite power of the relative velocity v of the charm quark.
The production mechanisms for bc are similar to those for b¯c, because two heavy quark-
antiquark pairs must be created in the collision. The lowest order mechanisms for creating
bc are the order-α4s processes qq¯, gg → (bc) + b¯c¯. The color state of the quark-quark system
can be either color-antitriplet or color-sextet. From counting the color states, we expect
the color-sextet cross section to be about a factor of 2 larger than the color-antitriplet cross
section. Thus the relative importance of the two color states should be determined primarily
by the probability for the b and c to bind with a light quark to produce a doubly-heavy
baryon.
In the ground state Ξbc of the bc baryon system, the bc is in a color-antitriplet S-wave
state that is relatively compact compared to the size of the baryon. The bc diquark behaves
very much like the heavy antiquark in a heavy-light meson. The probability that b and c
quarks that are created with small relative momentum in a parton collision will hadronize
into the Ξbc is therefore expected to be greatest if the bc is in a color-antitriplet S-wave state.
All other NRQCD matrix elements are suppressed by powers of v. If we keep only the color-
antitriplet S-wave contribution, the formula for the cross section of Ξbc is very similar to
that for the Bc in the color-singlet model. The short-distance cross section for creating
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a color-singlet b¯c is replaced by the cross section for creating a color-antitriplet bc. The
long-distance factor for Bc, which is proportional to the square of the radial wavefunction
at the origin R1S(0), is replaced by a color-antitriplet matrix element for the Ξbc. This
matrix element can be treated as a phenomenological parameter analogous to the color-
octet matrix elements for quarkonium production. It can also be estimated using a quark
potential model for the doubly-heavy baryon, in which case it is proportional to the square
of an effective radial wavefunction at the origin Rbc1S(0) for the bc diquark. The quark model
estimate is probably much less reliable than the potential model estimate of R1S(0) for Bc.
We will refer to the cross sections obtained by using the leading order bc cross section and a
quark model estimate for the S-wave color-antitriplet matrix element as the diquark model
for doubly-heavy baryon production.
The production of doubly-heavy baryons in the diquark model at order α4s was studied
in detail in the series of papers [60]. The resulting differential cross sections dσ/dpT for
Ξcc, Ξbc and Ξbb baryons are presented in Fig. 9.29 and compared to that of the Bc meson.
The cross sections integrated over pT greater than pT
min are shown in Fig. 9.30. The cross
sections are evaluated at 2.0 TeV and integrated over |y| < 1. The quark masses were set to
mc = 1.5 GeV and mb = 4.8 GeV. The QCD coupling constant was fixed at αs = 0.23. The
radial wave functions at the origin for the heavy diquarks were taken to be Rcc1S(0) = 0.601
GeV3/2, Rbc1S(0) = 0.714 GeV
3/2, and Rbb1S(0) = 1.35 GeV
3/2 [86]. The largest uncertainties
come from the choice of scale in the overall factor α4s(µ) and from the radial wave functions
at the origin for the heavy diquarks. The production rates for Ξcc and Ξbc are predicted to
be as large as 50% of the production rate for (Bc +B
∗
c ) for pT
min = 10 GeV.
The uncertainties in the prediction of the Ξbc cross section can be greatly reduced by
normalizing the cross section to that of the Bc. The reason is that the short-distance cross
sections come from exactly the same Feynman diagrams, except that the color-singlet b¯c is
replaced by a color-antitriplet bc. Regions of phase space with various gluon virtualities µ
are weighted in almost the same way, so the factor of α4s(µ) that gives the largest uncertainty
in the Bc cross section cancels in the ratio σ(Ξbc)/σ(Bc) given that µbc = µbc¯. The largest
remaining uncertainty comes from the radial wave function at the origin Rbc1S(0) for the
heavy diquark in the Ξbc. Using the value R
bc
1S(0) = 0.714 GeV
3/2, one gets the estimate
σ(Ξbc)/σ(Bc) ≃ 0.5 . (9.37)
Taking into account the cascade decays of excited bc baryon states, the inclusive Ξbc cross-
section integrated over pT > 6 GeV and |y| < 1 is predicted to be
σ(Ξbc) = 1.5 nb . (9.38)
Alternatively, taking the experimental value for the Bc cross section [52], we get
σ(Ξbc) = 5± 3 nb . (9.39)
With an integrated luminosity of about 100 pb−1 in Run I, this corresponds to more than
105 events with Ξbc baryons in the considered kinematical region.
The predicted cross sections for bb and cc baryons have larger uncertainties than those for
bc baryons. The large uncertainties from the α4s(µ) factor can not be removed by normalizing
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to bb¯ or cc¯ quarkonium cross sections, since they arise from very different short-distance
parton processes. However, from the predictions in Fig. 9.29, one can expect roughly the
same number of Ξcc and Ξbc events in the kinematical region of pT > 10 GeV and |y| < 1.
The total number of Ξbb events will be about a factor of 10 smaller.
9.4.3 Decays†
Since the major thrust of this report is B-physics, we may be tempted to limit discus-
sion to baryons containing b quarks. However, such baryons often decay by cascades into
baryons containing c quarks and identification of the latter may be an important first step
in reconstructing doubly-heavy baryons containing b quarks.
The lifetimes for the ground states of the doubly-heavy baryons have been calculated in
the framework of the operator product expansion, which involves an expansion in inverse
powers of the heavy quark mass [87]. In leading order of 1/mQ, the inclusive widths are
determined by the spectator approximation with QCD corrections. The next order in 1/mQ
takes into account corrections connected with quark motion in the doubly-heavy baryon
and with the chromomagnetic quark interaction. In doubly-heavy baryons, there is Pauli
interference (PI) of quark decay products with identical quarks from the initial state, as
well as weak scattering (WS, or weak exchange) where exchange of a W± occurs between
quarks. Both effects play important roles in the mechanism of doubly-heavy baryon decay.
For example, Pauli interference leads to the increase of the b-quark decay contribution to bc-
baryon by a factor of two. In this case, the sign is basically determined from the interference
of the charm quark of the initial state with the charm quark from the b-quark decay. The
antisymmetric color structure of the baryon wave function leads to the positive sign for
the Pauli interference. The overall effect of the corrections to the spectator mechanism can
reach 40–50%. In Tables 9.14 and 9.15, we show the contributions of the different modes to
the total decay widths of cc and bc baryons. One can see from these tables that the weak
scattering contributions are comparable with the spectator contributions. The estimates of
the lifetimes of the Ξcc and Ξbc baryons from the operator product expansion are [90–92]:
τΞ++cc = 0.43± 0.1 ps,
τΞ+cc = 0.12± 0.1 ps,
τΞ0cc = 0.28± 0.07 ps,
τΞ+
bc
= 0.33± 0.08 ps. (9.40)
We proceed to discuss exclusive decay modes of the doubly-heavy baryons that may be
observable. Let us first consider spectator decay modes, in which the doubly-heavy baryon
decays into either a lighter doubly-heavy baryon or a baryon containing a single heavy
quark. In Table 9.16, we give branching fractions for exclusive spectator decay modes that
were calculated in the framework of QCD sum rules [88]. Some of the decay modes have
surprisingly large branching fractions, particularly Ξ+cc → Ξ0csπ+(ρ+), Ξ++cc → Ξ+csπ+(ρ+)
†Authors: A. Likhoded, R. Van Kooten
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Mode width, ps−1 Fraction of Ξ++cc width Fraction of Ξ
+
cc width
c→ sdu 2.894 1.24 0.32
c→ sℓ+ν 0.760 0.32 0.09
PI −1.317 −0.56 −
WS 5.254 − 0.59
ΓΞ++cc 2.337 1 −
ΓΞ+cc 8.909 − 1
Table 9.14: Fractional contributions of different modes to the total decay width of
doubly-charmed baryons, Ξcc. PI and WS are Pauli interference and weak scattering
effects, respectively.
Mode Fraction of Ξ+bc width Fraction of Ξ
0
bc width
b→ c+X 0.120 0.17
c→ s+X 0.37 0.31
PI 0.23 0.20
WS 0.20 0.31
Table 9.15: Fractional contributions of different modes to the total decay width
of Ξbc baryons. PI and WS are Pauli interference and weak scattering effects,
respectively.
and semileptonic decays. A recent work from Onishchenko calculating these branching
ratios including results from three-point NRQCD sum rules [93] give even larger values.
We also consider another class of exclusive decay modes for doubly-heavy baryons that
may be observable. As pointed out above, the contribution from weak scattering to the Ξ+bc
and Ξ0bc decay width is about 20%. This type of decay is characterized by specific kinematics.
In the rest frame of the Ξbc baryon, the c and s quarks from the scattering process bc→ cs
move in the opposite directions with a high momentum of about 3.2 GeV. Both the c and
s quarks then fragment, producing multiparticle final states. These states include the 3-
particle states D(∗)K(∗)N . The D(∗) and K(∗) can be produced by fragmentation processes:
c→ D(∗)+Xq and s→ K(∗)+Xq. However, in order for only one additional particle N to be
produced in the decay of Ξbc, the D
(∗) and K(∗) must be in the hard part of fragmentation
spectrum with z > 0.8. We can use a well-known parametrization of the fragmentation
functions to estimate the probability for such a decay:
Br(Ξbc → D(∗)K(∗)N) ≈ Br(WS)×W (zD > 0.8) ×W (zK > 0.8)
= 0.2× 0.2× 0.04 . (9.41)
The resulting rough estimate of the branching fraction for Ξbc → D(∗)K(∗)N is 0.2%. We
conclude that the branching fractions for these modes may be large enough to be observed.
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Baryon Mode Br (%) Baryon Mode Br (%)
Ξ⋄bb Ξ
⋄
bc l
−ν¯l 11.2
Ξ⋄bc π
− 0.3
Ξ⋄bc ρ
− 3.4
Ξ0bc Ξ
+
cc l
−ν¯l 3.3 Ξ
+
bc Ξ
++
cc l
−ν¯l 3.5
Ξ−bs l
+νl 2.8 Ξ
0
bs l
+νl 3.0
Ξ+cc π
− 0.55 Ξ++cc π
− 0.6
Ξ+cc ρ
− 1.4 Ξ++cc ρ
− 1.5
Ξ−bs π
+ 12.3 Ξ0bs π
+ 13.1
Ξ−bs ρ
+ 5.2 Ξ0bs ρ
+ 5.6
Ξ+cc Ξ
0
cs l
+νl 6.9 Ξ
++
cc Ξ
+
cs l
+νl 14.9
Ξ0cs π
+ 4.2 Ξ+cs π
+ 8.1
Ξ0cs ρ
+ 24.8 Ξ+cs ρ
+ 45.1
Table 9.16: Exclusive (spectator) decay modes of doubly-heavy baryon calculated
in the framework of QCD sum rules. The symbol ⋄ represents electric charge, i.e.,
⋄=±,0.
9.4.4 Experimental Observability†
To set the scale for observability of doubly-heavy baryons, we note that CDF has ob-
served [52] about 20 events of the type Bc → J/ψℓ±ν in 0.11 fb−1 using the µ+µ− decay of
the J/ψ. We take this process to have a total branching ratio of 0.3%. We assume compara-
ble trigger and reconstruction efficiencies for the Bc and typical doubly-heavy baryon decay
modes. In Section 9.4.3, the cross sections for baryons containing cc or bc were predicted
to be within about a factor of 2 of the cross section for Bc for pT > 10 GeV. With data
samples of 3, 10, and 30 fb−1, we are therefore initially restricted to doubly-heavy baryon
decay modes with branching ratios greater than of order 10−4, 5 × 10−5, and 1.5 × 10−5
respectively. Special purpose detectors with better triggering abilities (such as BTeV) will
be able to investigate rarer modes.
Historically, larger samples of rarer b-quark states are available for measuring properties
such as lifetimes and polarization through “semi-exclusive” decays where not all the decay
products are reconstructed and/or there is an escaping neutrino from semileptonic decay.
As an example, the Λb state was first observed at LEP [85] through an excess of “correct-
sign” Λ-ℓ− and Λ-ℓ+ correlations over the “wrong-sign” correlations. A similar situation
will exist for doubly-heavy baryons, but now there can be two leptons in the decay chain
exhibiting charge correlations.
If a doubly-heavy baryon decays semileptonically into either a lighter doubly-heavy
baryon or a baryon containing a single heavy quark, and if the second baryon also decays
semileptonically, they will give rise to two leptons associated with the same jet. Due to
the large masses of the heavy baryons, both of these leptons tend to be at large values of
pT relative to the jet axis. It is also interesting to note that cascading semileptonic decays
in the case of Ξbb or Ξcc can result in same-sign leptons in the same jet, a process with
†Authors: R.K. Ellis, R. Van Kooten
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very little background. The largest irreducible background comes from a gluon splitting
into bb¯ to produce a jet containing two b-hadrons, one of which decays semileptonically
and the other mixes before decaying semileptonically. Another background is the decay of
one b quark semileptonically along with a same-sign lepton from the cascade decay through
charm of the other b¯ quark. However, this background level can be reduced by appropriate
kinematic cuts on the lepton from the cascade decay. More problematic in this case would
be lepton misidentification faking the same-sign lepton signal.
Other doubly-heavy baryon decays resulting in two opposite-sign leptons may still be
distinctive due to the kinematics of the decay, but can suffer from a large physics background
due to generic b → c → s decays. Typical branching ratios for both types of decays are
collected in Table 9.17 using the semileptonic rates predicted in ref. [93].
Mode Br (%) Lepton charge correlation
Ξ−bb → Ξ0bcℓ−ν → Ξ+ccℓ−ν 0.69% same-sign
→ Ξ−bsℓ+ν 0.61% opp-sign
Ξ0bb → Ξ+bcℓ−ν → Ξ++cc ℓ−ν 0.73% same-sign
→ Ξ−bsℓ+ν 0.61% opp-sign
Ξ0bc → Ξ+ccℓ−ν → Ξ0csℓ+ν 0.35% opp-sign
→ Ξ−bsℓ+ν → Ξ0csℓ−ν 0.37% opp-sign
Ξ+bc → Ξ++cc ℓ−ν → Ξ+csℓ+ν 0.82% opp-sign
→ Ξ0bsℓ+ν → Ξ+csℓ−ν 0.40% opp-sign
Ξ++cc → Ξ+csℓ+ν → Ξℓ+X 1.5% same-sign
Ξ+cc → Ξ0csℓ+ν → Ξℓ+X 0.68% same-sign
Table 9.17: Decay rates of cascading semileptonic decays from doubly-heavy
baryons.
For fully exclusive decays, decay diagrams involving either spectator decays or W-
exchange (including Cabibbo-suppressed decays) were considered. For a doubly-heavy
baryon of the form bbq or bcq, the decays into J/ψ’s are the favored decay modes, because
of the ease of triggering on subsequent decays into µ+µ− and e+e− and also because they
absorb Q-value which would otherwise produce pion multiplicity contributing to combinato-
rial background. It is predicted that “golden” exclusive decay modes such as Ξ+bc → Λ+c J/ψ
or Ξ0bb → Λ0bJ/ψ into triggerable modes have small total branching ratios between 10−5
and 10−7, although the inclusive rate for all decays containing a J/ψ may be as high as
10−3 [94].
Decays without a distinctive J/ψ may still be accessible due to the abundance of cas-
cading decays. These cascade decays can then result in triggerable decays either from jets
containing multiple leptons due to sequences of semi-leptonic decays as discussed above or
from many tracks with relatively large impact parameter significance.
A doubly-heavy baryon decaying into either a b-baryon or another doubly-heavy baryon
will have a decay length that gives rise to a large number of high-impact parameter tracks
that could allow the use of a vertex/silicon track trigger. A doubly-heavy baryon with a
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Figure 9.40: Impact distribution of all charged decay products in the cascade
decays of Ξ++cc via Λc, D
0, and D+ compared to the same distribution of the decay
products from Bc and B
0
d .
short lifetime (e.g., τ(Ξ++cc ) ≈ 0.4 ps, τ(Ξ0bc) ≈ 0.3 ps, and τ(Ξ0bb) ≈ 0.7 ps) can decay
into a charm meson with a reasonably long lifetime (e.g., τ(D+) = 1.06 ps). The large
mass of the doubly-heavy baryon parent can give substantial transverse momentum kick
with respect to the original flight direction. Including a fairly long charm decay length, the
final decay products can have impact parameters comparable to those of b hadrons with
typical lifetimes of 1.5 ps. These decays can be found with reasonable efficiency using a
vertex/silicon track trigger. To test this idea, a Monte Carlo study was made at the four-
vector level. Ξ++cc baryons were generated with a pT distribution according to Ref. [80] with
a lifetime of 0.43 ps. This doubly-heavy baryon was allowed to decay to a singly-charmed
meson or baryon in a two-body decay for simplicity. The impact parameters of the resultant
decay products of the Λc, D
0, or D± were found. Distributions of these impact parameters
are shown in Fig. 9.40 which, for the case of Ξ++cc → D+, is intermediate in extent between
that of the products from Bc decay and from B
0
d decay. Considering the earlier description
of the efficiency of a typical vertex/silicon track trigger (see 9.3.4.3), there is potential
promise in triggering on doubly-heavy baryons in cascade decays.
Finally, the decay mode Ξbc → D(∗)K(∗)N discussed in Section 9.4.3 shows promise due
to its potentially relatively large rate and the nature of its decay products which allows
a fairly clean reconstruction. If N = p, the proton would allow for the use of particle
identification. The D∗ can be identified by the standard procedure of cutting on the small
value of ∆m = m(D
∗)−m(D), where m(D∗) is the reconstructed mass of the D∗ using the
soft pion in D∗ → Dπ. Triggering would rely on a silicon track trigger as described above.
Decay modes containing a Λc in the cascade chain also have potential due to the possibil-
Report of the B Physics at the Tevatron Workshop
508 CHAPTER 9. PRODUCTION, FRAGMENTATION AND SPECTROSCOPY
ity of the clean reconstruction of this charm baryon in the decay Λc → pKπ. Of note is that
CDF cleanly reconstructed 197 signal events with Λc for a Λb lifetime measurement [95].
They used the lepton from the semileptonic decay Λb → ΛcℓνX as part of their trigger.
Triggering certainly is a serious issue for any all-hadronic decay mode.
State Lifetime [ps] Mass [GeV] Interesting Exclusive Estimated
Decay Modes Br
Ξ++cc (ccu) 0.43 [92] 3.651
D∗+π+Λ0 → pπ−
|→ K−π+π+ 9.4× 10
−4
D∗+pK¯0 → π+π−
|→ K−π+π+ 4.7× 10
−4
Λ+c (cdu) π
+ K¯0 → π+π−
|→ pK−π+ 4× 10
−4
Ξ+cc(ccd) 0.11 [92] 3.651
D∗+ Λ0 → pπ−
|→ K−π+π+ 4× 10
−4
D0pK¯0 → π+π−
|→ K−π+ 2× 10
−4
Λ+c (cdu) K¯
0 → π+π−
|→ pK−π+ 1.6× 10
−4
Ω+cc(ccs) 0.5 [61] 3.811 Λ
0K0D+
Ω++ccc (ccc) 0.3 [61] 4.925 Cascades to Ξ
+
cc –
Table 9.18: Properties and interesting exclusive hadronic decay modes of multiple-
charm baryons.
With these considerations, a list of potentially interesting exclusive hadronic decay
modes for doubly-heavy baryons are collected in Tables 9.18 and 9.19. These decay modes,
in addition to the semi-exclusive decays from semileptonic decays, deserve further study as
possible discovery modes for doubly-heavy baryons.
9.5 Fragmentation
The fragmentation of quarks and gluons into hadrons involves confinement dynamics, and
occurs at time scales that are long compared to those of the hard scattering that pro-
duced the quarks and gluons. Accordingly, in single-particle inclusive hard-scattering pro-
cesses, the fragmentation process is factorized in perturbative QCD (see [126] and references
therein) from the hard interaction and summarized in a nonperturbative fragmentation func-
tion (FF) DHi (z, µ) [127]. D
H
i (z, µ) is the probability density of a hadron H to form from
parton i with momentum fraction z at factorization scale µ. Just as initial-state parton
distribution functions (PDFs), fragmentation functions are not completely calculable in per-
turbation theory, although their evolution with µ is. The evolution equations for FFs are
identical in form to those for PDFs, although the evolution kernels differ from second order
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State Lifetime [ps] Mass [GeV] Interesting Exclusive Estimated
Decay Modes Br
Ξ+bc(bcu) 0.33 ± 0.08 [91] 6.971
Λ+c J/ψ → µ+µ−
|→ pK−π+ < 2× 10
−7
D(∗)0 pK¯0 → π+π−
|→ K−π+
2.1 × 10−5
D(∗)+ pK(∗)−
|→ K−π+π+ 4× 10
−5
Ξ0bc(bcd) 0.28 ± 0.07 [91] 6.971
Ξ0c(csd) J/ψ → µ+µ−
|→ Λ0K¯0 < 2× 10
−7
D(∗)0 pK(∗)−
|→ K−π+ 6.2 × 10
−5
D(∗)+ pπ−K(∗)−
|→ K−π+π+
4× 10−5
Ω0bc(bcs) – 7.095
Ω0c(ssc) J/ψ → µ+µ−
|→ Ω−π+ < 1.44 × 10
−6
Ξ+bcc(bcc) – 8.198 Cascades to above states
Table 9.19: Properties and interesting exclusive hadronic decay modes of heavy
baryons containing both a b and a c quark.
State Lifetime [ps] Mass [GeV] Interesting Exclusive Estimated
Decay Modes Br
Ξ0bb(bbu) 0.79 [90] 10.235
Ξ+bc(bcu) π
−
|→ as in Table 9.19
Λ0b(bdu) J/ψ → µ+µ−|→ Λ+c π−
3× 10−6
2.4× 10−7 if
Λ0b → ΛcℓνX
Ξ−bb(bbd) 0.8 [90] 10.235
Ξ0bc(bcd) π
−
|→ as in Table 9.19
Ξ−b (bsd) J/ψ → µ+µ−|→ Ξ0cπ−
6× 10−5
Ω−bb(bbs) 0.8 [90] 10.385 Cascades to above states
Ξ0bbc(bbc) – 11.476 Cascades to above states
Ω−bbb(bbb) – 14.76 Cascades to above states
Table 9.20: Properties and interesting exclusive hadronic decay modes of heavy
baryons containing two b quarks.
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onwards [128–130]. Though nonperturbative, these FFs are universal and so, they may be
determined for each hadron H in a few calibration experiments at some fixed scale µ0, for
subsequent use in other experiments and at other values of µ (see for example [131–135]).
The fragmentation of heavy quarks4 is somewhat different. When the heavy quark is
produced with an energy E not much larger than its mass m, the fragmentation process
consists mainly of the nonperturbative transition of the heavy quark to the hadron H, which
one assumes can be described by a nonperturbative FF. One may make a general ansatz for
the functional form of this FF, the parameters of which are to be fixed by fitting to data.
One may also be inspired by physical considerations in motivating a functional form. Within
this philosophy, the best known form is that of Peterson et al. [136]. More recent forms are
based on heavy-quark effective field theory. Both are described in section 9.5.2. When the
heavy quark is produced with an energy E much larger than its mass m, large logarithms
of E/m occur in the perturbative expression for the heavy-quark inclusive cross section,
which must be resummed. These logarithms may be traced to the fragmentation stage of
the reaction, and the resummation may be achieved using the formalism of perturbative
FFs (PFFs). They describe the fragmentation process from scale E down to scale m. These
PFFs are perturbative because, first, the coupling constant is small enough in the range
from m to E and second, the heavy-quark mass regulates the collinear divergences, which
would otherwise have to be absorbed into nonperturbative FFs. These perturbative and
nonperturbative FFs must be properly matched together to avoid miscounting contributions
and to enable a comparison with data.
Outside the context of factorization-based perturbative QCD, there is the successful
string model of the Lund group. Yet other approaches to heavy-quark fragmentation exist
[137,138], but for lack of space we shall not discuss them here.
We begin with a discussion of perturbative fragmentation and describe an attempt to
learn more about the nonperturbative FF from the very precise SLD data. Next we examine
what heavy-quark production data in pp¯ collisions tell us about the nonperturbative FF.
Then in section 9.5.2 we review and clarify the theory of the nonperturbative FFs. Next
we discuss the phenomenon of beam drag in the context of the Lund string model, as
(perhaps) observed at HERA in charm DIS and photoproduction, and present a study of
the possible impact of this effect on CDF/D0 and BTeV studies. In section 9.5.4, we discuss
various “systematic errors” in heavy quark FFs, and we conclude with observations on the
experimental impact of the various issues in heavy-quark fragmentation.
We refer to the recent LHC Workshop report on bottom production [139] for additional
studies involving heavy-quark fragmentation.5
4By heavy quarks we mean charm and bottom quarks. The top quark decays by the weak interaction
before it has time to hadronize.
5In particular, in the context of section 9.5.4, one can find there a study by Frixione and Mangano on
effective z > 1 support for fragmentation functions in certain event generators.
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9.5.1 Perturbative fragmentation
9.5.1.1 Heavy-quark fragmentation in e+e− collisions †
A well-defined fragmentation function is a universal function, so that its study can be
undertaken in the context of e+e− collisions without the complication due to initial state
hadrons. We are interested in the situation where the scale E of the process is much
larger than the heavy-quark mass m, a typical situation at the Tevatron. This requires the
resummation of large logarithms ln(E/m) for a reliable computation of a differential cross
section. This is achieved via the formalism of the perturbative FF (PFF), which we briefly
review. The PFF satisfies the DGLAP [140–142] evolution equation:
dDi,pert(x, µ)
d ln µ
=
∑
j
∫ 1
x
dz
z
Pij
(
x
z
, αs(µ)
)
Dj,pert(z, µ) , (9.42)
where i, j label parton flavors. With initial condition at µ0 ≃ m, Eq. (9.42) determines the
PFF at x, µ, and resums logarithms ln(µ/µ0) to all orders. This initial condition for the
PFF was first computed to NLO in [143] and is, for i = Q, given by the distribution
DQ,pert(z, µ0) = δ(1 − z) + αs(µ0)CF
2π
[(
1 + z2
1− z
)(
ln
(
µ20
m2
)
− 1− 2 ln(1− z)
)]
+
. (9.43)
For heavy quark production at E ≫ m, the choice µ = E in the solution of (9.42) then
resums terms containing lnn(E/m) to all orders in αs, to next-to-leading logarithmic (NLL)
accuracy.
To study the PFF in the context of e+e− collisions at center-of-mass energy E
e+ e− → Z/γ(q)→ Q(p) +X, (9.44)
one defines
xE = x =
2p · q
q2
, (9.45)
and factorizes the single heavy quark inclusive cross section as
dσ
dx
(x,E,m) =
∑
i
∫ 1
x
dz
z
dσˆi
dz
(z,E, µF ) Di,pert
(
x
z
, µF ,m
)
, (9.46)
where dσˆi(x,E, µF )/dx are the (scheme-dependent) partonic cross sections for producing
the parton i, andDi,pert(x, µF ,m) are the (scheme- but not process-dependent) perturbative
fragmentation functions (PFFs) for parton i to evolve into the heavy quark Q. The fac-
torization scale µF must be chosen of order E, to avoid the appearance of large logarithms
ln(E/µF ) in the partonic cross sections.
The single-hadron inclusive cross section, including nonperturbative corrections, is then
usually written as multiple convolution
†Author: C. Oleari
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dσH
dx
(x,E,m) =
∑
i
dσˆi
dx
(x,E, µF ) ⊗Di,pert (x, µF ,m)⊗DHNP(x) . (9.47)
Therefore the full fragmentation function requires the combination of the perturbative FF
with a nonperturbative part which models the final hadronization. Note that for heavy-
quark production in hadronic collisions at hadron transverse momentum pT ≫ m, one must
replace the CM energy E with the boost-invariant pT .
In Eq. (9.43) the initial condition is expressed as an expansion in terms of αs(m). This is
a beneficial property of heavy-quark fragmentation, but one should keep in mind that higher-
order terms in this condition may be important. Moreover, irreducible, nonperturbative
uncertainties of order ΛQCD/m are present. We assume that all these effects are described
by a nonperturbative fragmentation function DHNP, that takes into account all low-energy
effects, including the final nonperturbative hadronization of the heavy quark. There are
theoretical approaches to the fragmentation-function calculation that employ heavy-quark
effective theory in order to study nonperturbative effects [144,145] more systematically.
These will be discussed in the next subsection. Here we want to establish a connection with
the most commonly used parameterizations, and thus we will use the Peterson form and
the “Euler” form xα(1− x)β.
9.5.1.2 Impact of SLD data
Let us first briefly review the present situation. Heavy-flavor production in e+e− collisions
has been thoroughly studied both at fixed order [146–148] and in a combined fixed order
plus next-to-leading logarithmic (here ln(E/m) with E the center of mass energy) resummed
approach [149], using the Peterson function for the nonperturbative transition6. The results
of this study [149], based on LEP [150,151] and ARGUS [152] data can be summarized as
follows:
• Either increasing the order of the finite order perturbative expansion or including
next-to-leading log (NLL) effects in a resummed approach reduces the Peterson pa-
rameter ǫ obtained from fitting to the data, corresponding to a harder nonperturbative
fragmentation function.
• The differential cross section obtained by matching the α2s fixed order and the NLL
resummed expressions, the “NLL improved”, is harder than pure NLL, so that the ǫ
parameter needed in the nonperturbative part is, in general, larger, but only slightly
so, than in the NLL case.
• At LEP energies, the importance of O(m/E) terms is found to be minor.
Let us now show some new results obtained from a fit to SLD [153] B-production data in
e+e− collision at E = 91.2 GeV, in Fig. 9.41. The theoretical curves have been determined
6This combined approach is actually a variable flavor number scheme (VFNS) for heavy-quark fragmen-
tation.
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Figure 9.41: Fit to SLD data of Peterson and Euler nonperturbative fragmentation
function via NLL improved calculation. The χ2 are per degree of freedom.
from Eq. (9.47), at the same level of accuracy as used in [149]. We have used two families
of nonperturbative FF: the Peterson form and the Euler form xα(1 − x)β . We have fitted
the data by χ2 minimization, keeping Λ
(5)
QCD fixed to 200 MeV. With this procedure we
have fitted both the value of ǫ and the normalization (which was allowed to float) for the
Peterson FF, and for the Euler form the value of α and the normalization, varying β in the
range between 1.0 and 2.5, with an increment of 0.5.
We should caution at this point that the values of ǫ for the Peterson FF fitted above
cannot be used for LEP studies, as the SLD and LEP collaborations use different values for
some key input parameters such as the fraction of b quarks producing B∗∗ mesons.
We find the Peterson form to have a very poor χ2/d.o.f. The Euler form can accom-
modate the data better, at the values α = 16.5, β = 1.5. To compare the fit results, we
plot in Fig. 9.42 the nonperturbative FF at their best χ2/d.o.f. values. We see that all
curves are strongly peaked near x = 1, with the best fit value corresponding to a fairly hard
fragmentation.
We note that in Ref. [154], and more recently in [155], the formalism used in the previous
analysis of e+e− collisions has been applied to the Tevatron b-quark pT cross section, for
which the data exceed the central NLO-theory estimate by a factor of two7. At large pT the
theoretical uncertainty due to scale variations was found to be reduced with respect to the
fixed-order approach, but the cross section decreased. At moderate pT , the cross section
gets somewhat enhanced, but not enough to explain the data-theory discrepancy. Another
study involving FFs in heavy-quark hadroproduction, in the context of the so-called ACOT
VFNS, was performed in [156]. The PFF formalism was also applied to γp [157] and γγ [158]
7This is somewhat less the case for the b-jet cross section, see section 1.3 in this chapter.
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Figure 9.42: Functional forms of the nonperturbative fragmentation functions
that produced the best fit to SLD data.
charm production. Similar conclusions were reached as for pp¯ b-quark production.
9.5.1.3 Heavy-quark fragmentation in pp¯ collisions †
It is well known that Tevatron data for the integrated transverse momentum spectrum in b
production are systematically larger than QCD predictions. This problem has been around
for a long time, although it has become less severe with time. The present status of this
issue has been previously presented in Fig. 9.8. A similar discrepancy is also observed in
UA1 data (see ref. [159] for details).
The theoretical prediction has a considerable uncertainty, which is mainly due to ne-
glected higher-order terms in the perturbative expansion. In our opinion, it is not unlikely
that we may have to live with this discrepancy, which is certainly disturbing, but not strong
enough to question the validity of perturbative QCD calculations. In other words, the QCD
O(α3s) corrections for this process are above 100% of the Born term, and thus it is not im-
possible that higher order terms may give contributions of the same size. Nevertheless, it
is conceivable that also nonperturbative effects contribute to enhance the cross section for
this observable.
In this note, we present a study of the effects of b-quark fragmentation on the predicted
single-inclusive pT spectrum. In analogy with the case of charm production, the agreement
between theory and data improves if one does not include any fragmentation effects. It
is then natural to ask whether the fragmentation functions commonly used in these calcu-
lations are appropriate. The LEP [150,160,161] and SLD [153] measurements have shown
†Authors: P. Nason, G. Ridolfi
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Figure 9.43: The effect of a Peterson fragmentation function [136] on the inclusive
b cross section. The (red) dotted lines correspond to the approximation Eq. (9.50),
and are almost indistinguishable from the exact results.
that fragmentation functions are harder than previously thought.
The effect of a nonperturbative fragmentation function on the pT spectrum is easily
quantified if one assumes a steeply-falling transverse momentum distribution for the pro-
duced b quark
dσ
dpT
= Ap−MT . (9.48)
The corresponding distribution for the hadron is
dσhad
dpT
= A
∫
pˆ−MT δ(pT − zpˆT )D(z) dz dpˆT = Ap−MT
∫ 1
0
dzzM−1D(z) . (9.49)
We can see that the hadron spectrum is proportional to the quark spectrum times the M th
moment of the fragmentation function D(z). Thus, the larger the moment, the larger the
enhancement of the spectrum.
In practice, the value of M will be slightly dependent upon pT . We thus define a pT
dependent M value
d log σ(pT > p
cut
T )
d log pcutT
= −M(pcutT ) + 1 (9.50)
and
σhad(pT > p
cut
T ) = σ(pT > p
cut
T )×
∫ 1
0
dzzM(p
cut
T
)−1D(z) . (9.51)
This gives an excellent approximation to the effect of the fragmentation function, as can be
seen from fig. 9.43.
Since the second moment of the fragmentation function is well constrained by e+e−
data, it is sensible to ask for what shapes of the fragmentation function, for fixed 〈z〉, one
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gets the highest value for 〈zM−1〉. We convinced ourselves that the maximum is achieved
by the functional form
D(z) = Aδ(z) +Bδ(1 − z) , (9.52)
which gives
〈z〉 = B
A+B
; 〈zM−1〉 = B
A+B
. (9.53)
This is however not very realistic: somehow, we expect a fragmentation function which is
concentrated at high values of z, and has a tail at small z. We convinced ourselves that,
if we impose the further constraint that D(z) should be monotonically increasing, one gets
instead the functional form
D(z) = A+Bδ(1− z) , (9.54)
which gives
〈z〉 = A/2 +B
A+B
; 〈zM−1〉 = A/M +B
A+B
. (9.55)
We computed numerically the M th moments of the Peterson form:
D(z) ∝ 1
z
(
1− 1z − ǫ1−z
)2 , (9.56)
of the form
D(z) ∝ zα(1− z)β , (9.57)
for β = 1 (Kartvelishvili [162]), for which
〈zM−1〉 = Γ(α+M)Γ(α+ β + 2)
Γ(α+ 1)Γ(α + β +M + 1)
, (9.58)
of the form of Collins and Spiller [163]
D(z) ∝
(
1−z
z +
(2−z)ǫ
1−z
) (
1 + z2
)
(
1− 1z − ǫ1−z
)2 , (9.59)
and of the form in Eq. (9.54), at fixed values of 〈z〉 corresponding to the choices ǫb = 0.002
and 0.006 in the Peterson form. We found that the pT distribution at the Tevatron, for pT
in the range 10 to 100 GeV, behaves like p−MT , with M around 5. Therefore, we present
in Tables 9.21 and 9.22 values of the 4th, 5th and 6th moments of the above-mentioned
fragmentation functions. We thus find that keeping the second moment fixed the variation
of the hadronic pT distribution obtained by varying the shape of the fragmentation function
among commonly used models is between 5% and 13% for both values of ǫb. Therefore,
it seems difficult to enhance the transverse momentum distribution by suitable choices of
the form of the fragmentation function. With the extreme choice of Eq. (9.54), one gets at
most a variation of 50% for the largest values of ǫb and M . It would be interesting to see
if such an extreme choice is compatible with e+e− fragmentation function measurements.
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〈z〉 = 0.879 M = 4 M = 5 M = 6
Peterson 0.711 0.649 0.595
Kartvelishvili 0.694 0.622 0.562
Collins-Spiller 0.729 0.677 0.633
Maximal (Eq. (9.54)) 0.818 0.806 0.798
Table 9.21: Values of the 4th, 5th and 6th moment, at fixed 〈z〉 (corresponding to
ǫb = 0.002 in the Peterson form), for different forms of the fragmentation function.
〈z〉 = 0.828 M = 4 M = 5 M = 6
Peterson 0.611 0.535 0.474
Kartvelishvili 0.594 0.513 0.447
Collins-Spiller 0.626 0.559 0.505
Maximal (Eq. (9.54)) 0.742 0.724 0.713
Table 9.22: Values of the 4th, 5th and 6th moment, at fixed 〈z〉 (corresponding to
ǫb = 0.006 in the Peterson form), for different forms of the fragmentation function.
9.5.2 Fragmentation in the nonperturbative regime †
In this subsection we review the theory of the nonperturbative transition of a heavy quark
into a heavy meson.
First, we examine the model of Peterson et al. [136] for the fragmentation of a fast-
moving heavy quark Q with mass mQ into a heavy hadron H (consisting of Qq) with mass
mH and a light quark q with mass mq. The basic assumption in this model is that the
amplitude for the fragmentation is proportional to 1/(∆E), where ∆E = EH + Eq − EQ
is the energy denominator for the process in old-fashioned perturbation theory. It follows
that the probability for the transition Q→ H + q is proportional to 1/(∆E)2. Taking the
momentum of the heavy quark to define the longitudinal axis, one can express ∆E in terms
of the magnitude of PQ, the heavy-quark momentum, the fraction z of the heavy-quark
momentum that is carried by the heavy hadron, and the transverse momentum p⊥ of the
heavy hadron or the light quark:
∆E =
√
m2H + p
2
⊥ + z
2P 2Q +
√
m2q + p
2
⊥ + (1− z)2P 2Q −
√
m2Q + P
2
Q
≈ m
2
H + p
2
⊥
2zPQ
+
m2q + p
2
⊥
2(1 − z)PQ −
m2Q
2PQ
+ · · ·
≈ −m
2
Q
2PQ
[1− 1/z − ǫ/(1 − z)]. (9.60)
In the last line, we have set mH ≈ mQ and neglected p2⊥ relative to m2Q and used the
definition ǫ ≡ (m2q + p2⊥)/m2Q. Multiplying 1/(∆E)2 by a factor 1/z for the longitudinal
†Authors: G. Bodwin, B. Harris
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phase space, one arrives at the following ansatz for the fragmentation function [136]:
DHQ (z) =
N
z[1 − 1/z − ǫ/(1− z)]2 , (9.61)
where the normalization N is fixed by the condition∑
H
∫
dzDHQ (z) = 1, (9.62)
and the sum extends over all hadrons that contain Q. Contrary to the claims in Ref. [136],
we find that DHQ (z) has a maximum at z ≈ 1−
√
ǫ and a width of order
√
ǫ. Previously it
was believed that the shape of the Peterson et al. form is incompatible with results obtained
from heavy-quark effective theory (HQET). However, as we shall discuss below, our new
results for the maximum point and width are compatible with the HQET analysis.
Next we discuss the work of Jaffe and Randall [145], which provides a QCD-based
interpretation of heavy-quark fragmentation in terms of the heavy-quark mass expansion.
One begins with the standard Collins-Soper [127] definition of the fragmentation function
for a heavy quark into a heavy hadron:
fˆ(z, µ2) =
z
4π
∫
dλeiλ/z
1
2Nc
Tr /n 〈0|h(λn) ∣∣H ′(P )〉 〈H ′(P )∣∣h(0) |0〉 , (9.63)
where the trace is over color and Dirac indices, Nc is the number of colors, h(x) is the
heavy-quark field at space-time position x, P is the four-momentum of the heavy hadron,
and n is defined by n2 = 0 and n · p = 1. The state |H ′(P )〉 consists of the heavy hadron
plus any number of additional hadrons. The matrix element is understood to be evaluated
in the light-cone gauge n · A = 0. We note that the definition (9.63) contains a factor z
relative to the definition of the fragmentation function used in Ref. [145]. This factor z will
be important in comparing with the work of Braaten et al. below.
Following the standard method for obtaining the heavy-quark mass expansion, one de-
composes the field h(x) into the sum of large hv(x) and small hv(x) components:
hv(x) = e
−imQv·xP+h(x) (9.64)
hv(x) = e
−imQv·xP−h(x), (9.65)
with P± = (1 ± /v)/2 and v the hadron’s four velocity. The leading term in the mass
expansion of f(x, µ2) is contained in the large-large combination of fields:
fˆ(z, µ2) =
z
4π
∫
dλeiλ/z
1
2Nc
Tr /n
× 〈0|P+h(λn)
∣∣H ′(P )〉 〈H ′(P )∣∣P+h(0) |0〉 e−imQλn·v + . . . . (9.66)
In Ref. [145], it is argued that the matrix element in Eq. (9.66) is a dimensionless function
F(λδ). This function may be written in terms of its Fourier transform:
F(λδ) = 2
∫ ∞
−∞
dαe−iαλδ a(α) , (9.67)
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where δ = 1−mQ/mH which in terms of the parameter ǫ appearing in the Peterson et al.
form is δ ≈ √ǫ. Inserting Eq. (9.67) into Eq. (9.66), one can evaluate the integral, with the
result
fˆ(z, µ2) =
z
δ
aˆ
(
1/z −mQ/mH
δ
)
+ . . . . (9.68)
A more complete analysis in Ref. [145] also yields the next-to-leading term in the hadron
mass expansion:
fˆ(z, µ2) = z
[
1
δ
aˆ(y) + bˆ(y) + · · ·
]
, (9.69)
where y = (1/z−mQ/mH)/δ. The analysis in Ref. [145] does not yield a precise prediction
for the functional form of a and b, but some general properties may be deduced. The
function a describes, in the limit of infinite heavy-quark mass, the effects of binding in the
heavy hadron on the heavy-quark momentum distribution. For a free heavy quark, a(y)
would be a δ-function at y = 1. In a heavy hadron, the binding smears the heavy-quark
momentum distribution. It can be shown [145] that the distribution has a maximum at
z ≈ 1− δ and a width of order δ. Using the fact the δ ≈ √ǫ, we find that the maximum is
at z ≈ 1−√ǫ and the width is of order √ǫ in agreement with the Peterson et al. model, as
described above.
Braaten et al. [144] present a QCD-inspired model for the fragmentation of a heavy
quark into an S−wave light-heavy meson. In this model, the fragmentation function is
computed in perturbative QCD (Born level) in an expansion in inverse powers of the heavy-
quark mass. For the projection of the Qq state onto the meson, Braaten et al. take the
standard nonrelativistic-bound-state expression. For example, in the case of a 1S0 meson,
they assume the Feynman rule for the QqH vertex to be
δij√
3
R(0)
√
mH√
4π
γ5(1 + /v)/2, (9.70)
where R(0) is the radial wave function at the origin. Braaten et al. make use of a definition
of the fragmentation function that is equivalent to the Collins-Soper definition (9.63). From
the terms of leading order in the heavy-quark mass expansion, they obtain, in the case of a
1S0 meson,
fˆ ≈ N
[
1
δ
(1− y)2
y6
(3y2 + 4y + 8)− (1− y)
3
y6
(3y2 + 4y + 8)
]
, (9.71)
where N = 2α2s|R(0)|2/(81πm3q). At first glance, this result may seem to contradict the
Jaffe-Randall analysis, which shows that the terms of leading order in the heavy-quark mass
expansion give a contribution that is contained entirely in the function a(y) in Eq. (9.69).
However, the factor z in the definition of the fragmentation function (9.63) is crucial here.
From the definitions of y and δ, we have z = 1/[1 − δ(1 − y)], and, so, we can re-write
Eq. (9.71) as
fˆ/z ≈ N
δ
(1− y)2
y6
(3y2 + 4y + 8), (9.72)
which is of the form of a(y) in Eq. (9.69).
There are several additional studies of the perturbative-QCD fragmentation function in
the limit of a large heavy-quark mass. See the paper of Braaten et al. [144] for references.
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9.5.3 Beam drag †
A puzzling situation has arisen in charm electroproduction and photoproduction at HERA.
The data are well-described by NLO QCD [164,165] plus Peterson fragmentation [136], ex-
cept at low pt and large rapidity. To show this effect the charm electroproduction data of the
ZEUS collaboration [166] is shown in Fig. 9.44. The figure shows theD∗ meson cross sections
Figure 9.44: Effects of beam drag at HERA vs NLO theory and data from [166].
differential in momentum transfer Q2, Bjorken x, hadronic energyW , transverse momentum
pt, pseudo-rapidity η, and D
∗ momentum fraction x(D∗) = 2|~pγP cms|/W , compared with
theory [164]. The boundaries of the bands correspond to varying the charm quark mass of
1.4 GeV by ±0.1 GeV. The overall agreement is good, but the theory underestimates the
data in the forward region and overestimates it in the backward region. Additionally, the D∗
momentum fraction data, which is particularly sensitive to the charm hadronization process,
is poorly described. Similar effects are seen in the D∗ photoproduction data [167] at HERA.
Variations of the parton distribution set, renormalization/factorization scale, charm mass,
or fragmentation parameter ǫ are unable to account for the differences between data and
theory. It also appears unlikely that an evolving fragmentation function would help since
the pt range covered is so small. A similar effect has been observed by the H1 collaboration
in their charm electroproduction data [168].
One explanation [169] proposed for the photoproduction data [167] appears to work for
the DIS data as well. One imagines a color string connecting the hadronizing charm quark
†Author: E. Norrbin
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and the proton remnant which pulls (drags) the charmed meson to the forward region.
This beam-remnant drag effect is made quantitative in the Lund String model modified for
heavy-flavor production [170], as implemented in Pythia [171]. The shaded band in Fig. 9.44
shows that agreement is better when the Peterson et al. model is replaced by an effective
fragmentation model extracted from the Pythia-based Monte Carlo RAPGAP [172].
Another way to improve the agreement between data and theory is to simply raise the
minimum pt of the events that are selected. Data from a slightly different decay chain,
but higher minimum pt cut are shown as open triangles. Here the Peterson and RAPGAP
improved NLO predictions give essentially the same results, as expected from a power-
suppressed effect. Note however that raising pmint may not be an option in some situations.
Let us adopt the view that beam remnant drag effects, which appear naturally in the
string fragmentation model [173], exert influence here. This effect is closely related to
the collapse of small strings, which is the most extreme case of string drag when all the
energy and momentum of the remnant is taken up by the produced hadron. This latter
effect has been used to describe the large charm asymmetries observed at several fixed
target experiments [174,175]. It is important to understand this effect, as it affects B − B¯
asymmetries at e.g. HERA-B [176], and thus CP violation measurements. An open problem
is how to match the string model for beam drag to factorized QCD. In the rest of this section
the Lund string fragmentation model is summarized and its influence on the distribution of
final state hadrons in pp¯ collisions is reviewed.
The Lund string fragmentation model provides a different approach to the problem of
hadronization than the methods discussed so far. The Lund model in its basic form is simply
a prescription for turning a partonic state (no matter how it was produced) into a hadronic
final state. A string is the tube-like QCD force field stretched between a triplet and an anti-
triplet color charge. In a high-energy process the string contains a lot of energy and decays
into hadrons by the production of new qq¯ pairs along the force field. The decay dynamics
is constrained by a few physical assumptions such as Lorentz invariance, confinement and
independence of the final state on the order in which string breaks are considered in the
fragmentation process (‘left-right symmetry’). This results in a fragmentation function with
two free parameters, called the Lund symmetric FF [173]
f(z) ∝ 1
z
(1− z)ae−bm2⊥/z (9.73)
with a modification needed for heavy flavors [170]
f(z) ∝ 1
z1+bm
2
Q
(1− z)ae−bm2⊥/z, (9.74)
where m⊥ is the transverse mass of the produced hadron, mQ is the heavy-quark mass and
a and b are the two free parameters, which are common for all flavors and hadrons. The z
variable represents the light cone fraction along the string direction and unlike ‘stand alone’
fragmentation functions no ambiguity is involved (cf. section 9.5.4).
To be practically useful, the Lund model must be hooked on to a perturbative description
of the underlying hard process (such as e+e− → qq¯ or gg → qq¯). Normally a parton shower
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Figure 9.45: Example of a string configuration in a pp¯ collision. (a) Graph of the
process, with brackets denoting the final color singlet subsystems. (b) Correspond-
ing momentum space picture, with dashed lines denoting the strings.
approximation is used, where the final state of a LO process is evolved down in virtuality
by parton emission to some cut-off scale Q0. Using a fixed lower scale for the perturbative
treatment it has been possible in e+e− experiments to fit the two parameters of the Lund
model to data and get excellent results. If the Q0 scale is changed, the nonperturbative
parameters of the Lund model will have to be re-tuned, so Q0 can be seen as the scale at
which perturbation theory is abandoned and replaced by the nonperturbative model. In
the ideal case the value of Q0 should not matter. In practice this is true only as long as it
is at the order of 1 GeV. Any small change in Q0 around this value is absorbed by a change
of the fragmentation parameters. In a Monte Carlo program some additional parameters
are needed to fully describe the process e+e− → hadrons, such as the transverse smearing
along the string direction and the flavor composition of the new qq¯ pairs [171].
When the model is carried over to hadron collisions several new aspects have to be
considered. First of all, the particles entering the hard subprocess are not color singlets but
quarks or gluons confined to hadrons. This problem is well known and solved by introducing
PDFs which have been measured to good accuracy at e.g. HERA. Less well known is the
consideration of color flow, beam remnants, small strings in the hadronization and beam
drag. The remainder of this section will cover these aspects including a discussion of their
possible implications in pp¯ physics.
To be able to use the Lund string fragmentation model for hadronization, the strings
in the event must be constructed. The string topology can be derived from the color flow
of the hard process. For example, consider the LO process uu¯ → bb¯ in a pp¯ collision. The
color of the incoming u is inherited by the outgoing b, so the b will form a color-singlet
together with the proton remnant, here represented by a color anti-triplet ud diquark. In
total, the event will thus contain two strings, one b–ud and one b¯–u¯d¯. In gg → bb¯ a similar
inspection shows that two distinct color topologies are possible. Representing the proton
remnant by a u quark and a ud diquark (alternatively d plus uu), one possibility is to have
three strings b–u¯, b¯–u and ud–u¯d¯, Fig. 9.45, and the other is the three strings b–ud, b¯–u¯d¯ and
u–u¯. When the remnant energy is to be shared between two objects, as e.g. in Fig. 9.45,
further nonperturbative parameters are introduced, with a limited but not always negligible
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impact on the uncertainty of the results [176].
Once the string topology has been determined, the Lund string fragmentation model
[173] can be applied to describe the nonperturbative hadronization. Presupposing that the
fragmentation mechanism is universal, i.e. process-independent, the good description of
e+e− annihilation data should carry over. The main difference between e+e− and hadron–
hadron events is that the latter contain beam remnants which are color-connected with the
hard-scattering partons.
Depending on the invariant mass of a string, practical considerations lead to the need
to distinguish three hadronization prescriptions:
1. Normal string fragmentation. In the ideal situation, each string has a large invariant
mass. Then the standard iterative fragmentation scheme, for which the assumption
of a continuum of phase-space states is essential, works well. The average multiplicity
increases linearly with the string ‘length’, which means logarithmically with the string
mass. In practice, this approach can be used for all strings above some cut-off mass
of a few GeV.
2. Cluster decay. If a string is produced with a small invariant mass, maybe only two-
body final states are kinematically accessible. The continuum assumption above then
is not valid, and the traditional iterative Lund scheme is not applicable. We call such
a low-mass string a cluster, and consider it separately from above. When kinemati-
cally possible, a Q–q¯ cluster will decay into one heavy and one light hadron by the
production of a light quark–antiquark pair in the color force field between the two
cluster endpoints, with the new quark flavor selected according to the same rules as in
normal string fragmentation. Close to the two-body threshold the decay is isotropic,
while it should smoothly attach to the string picture of a preferential longitudinal
direction for heavier clusters.
3. Cluster collapse. This is the extreme case of the above situation, where the string
mass is so small that the cluster cannot decay into two hadrons. It is then assumed to
collapse directly into a single hadron, which inherits the flavor content of the string
endpoints. The original continuum of string/cluster masses is replaced by a discrete
set of hadron masses, mainly D/B and D∗/B∗ (or corresponding baryon states). In
order to preserve overall energy and momentum, nearby string pieces have to absorb
a recoil of the collapse, according to a procedure intended to minimize disturbances
to the event. This mechanism plays a special roˆle, in that it allows large flavor
asymmetries in favor of hadron species that can inherit some of the beam-remnant
flavor content.
Thus the cluster collapse mechanism tends to enhance the production of heavy hadrons
which share its light flavor with the hadron beam. For charm this has been observed at
several fixed-target experiments, where the effect is very large for large xF [174]. This effect
is yet to be studied for B mesons. It is expected to be fairly large at HERA-B [176] but
small for the Tevatron, see [176] and below.
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Figure 9.46: (a) Average rapidity shift ∆y as a function of y for some different
pT cuts for a pp¯ collider at 2 TeV. (b) Average rapidity shift ∆ysign as a function
of pT for some different rapidity cuts.
The color connection between the produced heavy quarks and the beam remnants in
the string model gives rise to an effect called beam remnant drag. In an independent
fragmentation scenario, a quark jet fragments symmetrically around the quark direction.
The light cone (along the quark axis) energy-momentum of the quark is then simply scaled
by some factor, picked from a fragmentation function, in order to give the momentum of
the hadron. Thus, on the average, the rapidity would be conserved in the fragmentation
process. This is not necessarily so in string fragmentation where both string ends contribute
to the four-momentum of the produced heavy hadron. If the other end of the string is a
beam remnant, the hadron will typically be shifted in rapidity in the direction of the beam
remnant, often resulting in an increase in |y|. This beam-drag is shown qualitatively in
Fig. 9.46, where the rapidity shift for bottom hadrons in a 2 TeV pp¯ collision is shown as
a function of rapidity and transverse momentum. We use two different measures of the
rapidity shift. The first is the average rapidity shift ∆y = 〈yB − yb〉. Here the heavy quark
can be connected to a beam remnant on either side of the event, giving rise to shifts in both
directions which tend to cancel in inclusive measures. A better definition is therefore
∆ysign = 〈(yB − yb) · sign(yother end)〉, (9.75)
which measures the rapidity shift in the direction of the other end of the string. This shift
should almost always be positive. The rapidity shift is not directly accessible experimen-
tally, only indirectly as a discrepancy between the shape of perturbatively calculated quark
distributions and data. As can be seen from the figures this effect is large only at large
rapidities and small pT .
A possible observable consequence of the beam drag effect is the asymmetry between
B0 and B¯0 for large rapidities. Fig. 9.47 shows the distribution of bottom quarks and the
hadrons produced from them, as well as the asymmetry between B0 and B
0
without any
kinematic cuts, using pair production only. The asymmetry is antisymmetric because of
the asymmetry of the initial state. Therefore the asymmetry is zero at y = 0 and increasing
in different directions for increasing/decreasing rapidities. Consider the situation when the
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Figure 9.47: Bottom production at the Tevatron. (a) Rapidity distribution of
bottom quarks (full) and the B hadrons produced from them (dashed). (b) The
asymmetry A = σ(B
0)−σ(B
0
)
σ(B0)+σ(B
0
)
as a function of rapidity. For simplicity, only pair
production is included.
kinematic limit at large positive rapidities (the proton fragmentation region) is approached.
Here the asymmetry changes sign for large rapidities because of the drag-effect; b quarks
connected to diquarks from the proton beam remnant which carry most of the remnant
energy often produce B
0
hadrons which are shifted more in rapidity than the B0’s are.
The B
0
rapidity distribution is thus harder than for B0. Cluster collapse, on the other
hand, tends to enhance the production of ‘leading’ particles (in this case B0) so the two
mechanisms give rise to asymmetries with different signs. Collapse is the main effect at
central rapidities while eventually at very large y, the drag effect dominates. The situation
is reversed in the p¯ fragmentation region. Despite the superficial differences between cluster
collapse and beam drag it should be realized that they are simply two consequences of the
same thing, namely the color connection between the products of the hard process and the
beam remnants and the subsequent hadronization of the resulting string.
In Fig. 9.48 we introduce cuts in order to study the region of large (positive) rapidities
and small pT . The B
0
spectrum is slightly harder than the B0 one, but the size of the effect
is quite small, approaching 4% at very large rapidities. Still, if large precision is desired
in CP violation studies, this effect could be non-negligible. The effect is much larger at
HERA-B because of the much smaller CM-energy, so the effect should be studied there first
to assess its size. Further details and applications are given in [176].
9.5.4 Heavy-quark fragmentation ambiguities†
Unlike massless quarks, heavy quarks cannot have all of their four-momentum components
degraded and stay on their mass shell simultaneously. Hence, only some components get
scaled by z; which ones is to some degree a matter of choice, and a source of ambigu-
ity. Moreover, the action of boosting between the parton-parton center-of-mass and the
†Authors: B. Harris, E. Laenen
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Figure 9.48: Bottom production at the Tevatron for 2.5 < |y| < 4 and pT < 5 GeV.
(a) B0 (full) and B
0
(dashed) rapidity spectra. (b) The asymmetry A = σ(B
0)−σ(B
0
)
σ(B0)+σ(B
0
)
as a function of rapidity. For simplicity, only pair production is included.
laboratory frame, and fragmenting do not commute for heavy quarks, generating another
ambiguity. We have studied these ambiguities numerically at leading order, in the context
of B-meson production at the Tevatron.
When fragmenting a heavy quark to a heavy hadron one must choose the momentum
component to be scaled. Some common choices are
1. scaling the space component ~pH = z~pQ and adjusting the energy via the mass-shell
condition EH =
√
~pH +m
2
H ;
2. scaling the plus component (E+ p||)H = z(E + p||)Q and adjusting the minus compo-
nent via the mass-shell condition (E − p||)H = m2H/(E + p||)H ( here || refers to the
Q direction, not the beam );
3. scaling the full four-momentum, ignoring the mass-shell requirement.
In Fig. 9.49 we show the effects of these choices on the PT distribution of a generic B-
meson in pp¯ collisions at 1.8 TeV. We have taken mB = mb = 5 GeV, a Peterson et al. [136]
fragmentation function with ǫ = 0.006, and performed the fragmentation in the parton-
parton center-of-mass. Choices 1 and 3 handle the px and py components in the same
fashion so no effect is observed. The second method mixes the px and py components with
the E and pz components producing a pronounced difference at small pT . All methods
are identical in the limit of large pT indicating that this is a source of power suppressed
corrections.
There is also an ambiguity in the order in which the fragmentation of the heavy quark,
and the boosting from the parton-parton center-of-mass to the lab frame is implemented.
To see why this is so, one may compute, e.g. for the fragmentation choice ~pH = z~pQ with
mH ≃ mQ, the difference in energy of a massive particle arising from the order of boosting
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Figure 9.49: Effect of the different four-vector smearing methods on the PT dis-
tribution of the B-meson.
(along z-axis with rapidity η) and fragmenting
∆E =
m2Q
2|~pQ| sinh(η)
1 − z2
z
(9.76)
for small mQ/|~pQ|.
The result of this non-commutativity (for the ~pH = z~pQ method) is shown in Figs. 9.50
and 9.51 for the pseudo-rapidity and transverse momentum distribution, respectively, of the
B−meson. The interplay of such ambiguities with acceptance cuts is given in Table 9.23.
For a transverse momentum above 5 GeV the effect is negligible.
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Figure 9.50: Commutativity of boosting and fragmenting for pseudo-rapidity dis-
tribution of the B-meson.
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the B-meson.
acceptance σ[µb] lab. parton cms σ[µb] difference
no cuts 26.24 26.24 -
pT > 0.5, |η| < 1.5 9.66 8.87 8%
pT > 5, |η| < 1.5 2.58 2.53 2%
Table 9.23: Interplay of boosting ambiguity with acceptance cuts.
9.5.5 Experimental impact†
In this section we shall try to address the extent to which fragmentation issues are relevant
for heavy-quark studies at the Tevatron, specifically with respect to detector design and
optimization.
The results from LEP and SLD on b fragmentation in e+e− collisions clearly indicate that
the spectrum is harder than can be described by the standard Peterson et al. fragmentation
function. This has little experimental impact other than in analyses which attempt to
extract the b quark cross-section from the observed b hadron momentum spectrum. This
could potentially have a small effect on the efficiency of ‘same-side’ tagging using the π
from B∗∗ decays. That is, a harder or softer fragmentation function will directly feed into
the relation of this pion to the B from the decay.
There are some interesting correlations, both in b production and fragmentation, which
feed, perhaps only weakly, into predictions of tagging efficiencies and strategies. The corre-
lation of b and b¯ directions in the forward and backward regions increases the ”away-side”
tagging power of a forward detector like BTeV since it implies that if one b is produced
going forward (or backward) then most likely the other is also to be found in the same
fiducial volume. On the other hand, ‘same-side’ tagging will be affected by the distribution
of fragmentation particles produced along with the b hadron. This has been studied by
†Author: S. Menary
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CDF who rely on data to extract efficiencies and tune the Monte Carlos.
The beam drag effect discussed in section 1.5.3 is potentially an issue for measurements in
the very forward direction. The fact that BTeV is a two arm spectrometer can minimize this
considerably since they can measure asymmetries in both the p and p¯ arms and essentially
subtract out the beam drag effect. In particular this can be done using very high statistics
non-CP modes where an asymmetry is dominantly produced by this effect. This could be
more problematic at LHCb which is a single arm spectrometer at a pp collider.
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Chapter 10
Summary and Highlights
During the coming decade a wide range of measurements in the production and decay of
b flavored hadrons will be made at the Tevatron. In this chapter, we summarize the most
important ones. Particularly in the decays, some observables are key to pinning down the
flavor structure of the Standard Model and, possibly, uncovering new physics. Some are
unique to the Tevatron, and some are expected to be competitive with measurements at
the e+e− B factories. The Tevatron enjoys a few advantages that compensate for the clean
environment in e+e− collisions. First, the bb¯ production cross section is much higher at
the Tevatron than at e+e− machines. Thus, despite the higher background rates at the
Tevatron, it is possible to use selective triggers to obtain high statistics samples with good
signal-to-noise ratio. Second, all b flavored hadrons are created (Bs, Λb, etc.), whereas an
e+e− machine operating at the Υ(4S) resonance produces only B±, B
0
d and B
0
d . Conse-
quently, the B decay program at hadron colliders complements that at the e+e− B factories.
The CDF, DØ, and BTeV detectors and simulation tools used for this report are de-
scribed in Chapters 2–5. Since Run I, both CDF and DØ have gone through major upgrades,
and both will be much more powerful for doing B physics in Run II. Both detectors feature
excellent charged particle tracking using solenoidal magnetic fields, and both have silicon
(Si) vertex detectors capable of tracking in three dimensions. The magnetic field is 2T at
DØ and 1.4T at CDF. DØ has a smaller radius tracking volume (50 cm), which allows for
Si and scintillating fiber tracking out to η = 1.6, and Si disk tracking to η = 3. CDF has a
larger tracking radius (140 cm), with full Si and drift chamber tracking out to η = 1, and
Si-only tracking (to 30 cm radius) out to η = 2. DØ muon coverage extends to η = 2; CDF
to η = 1.5. Both detectors have track based triggers at level-1 and Si vertex impact triggers
at level-2. Because of the larger level-1 bandwidth (40 kHz) and the use of deadtimeless
SVX3 chip readout, CDF can deploy a Si vertex hadronic decay trigger at level-2, which is
directly sensitive to decays like B → π+π− and Bs → D−s π+. With a smaller level-1 band-
width (10 kHz), DØ does not plan to implement such a strategy. CDF has two methods for
particle ID — time-of-flight at low momentum (p < 2GeV/c) and relativistic rise dE/dx
for high momentum (p > 2GeV/c); the latter is crucial for channels like B → π+π−, where
a statistical separation of ππ and Kπ signals can be used. In summary, both CDF and DØ
have comparable B physics reach; CDF has an advantage in particle ID and in Si vertex
triggering.
BTeV is slated to run in earnest after Run II, following construction and some running
during Run IIb. It will have competition from LHC-b at CERN, and from experiments
at the e+e− B factories, which by then are expected deliver an order of magnitude higher
luminosity than at present. BTeV is not a central detector (as are CDF and DØ), but a
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two-arm forward spectrometer. The key features of its design are a silicon pixel detector, a
flexible trigger based on detached vertices, particle ID with excellent K/π separation, and
an electromagnetic calorimeter capable of identifying π0’s and photons.
In this workshop, simulations of the CDF, DØ and BTeV detectors have made common
assumptions about production rates, branching ratios, and flavor tagging efficiencies. The
common starting point is needed for comparing the reaches of the three detectors, but it
is nevertheless difficult to make meaningful comparisons without Run II data. At hadron
colliders all signal channels, as well as issues like flavor tagging, have backgrounds that
will be detector dependent and that, in many cases, cannot be reliably predicted from a
heavy flavor production Monte Carlo. These backgrounds affect both signal-to-background
statistics and also the strategies used to reject background, which in turn affect signal yields.
For example, for B → π+π−, to reject the combinatorics from all sources of backgrounds,
making harder cuts on the detachment of the secondary vertex and other quantities will
affect both the statistical accuracy and the ability to separate the direct and mixing induced
CP asymmetries. While CDF has Run I data on many channels and flavor tags, DØ and
BTeV will need real data to understand fully the effects of backgrounds.
Most simulations carried out during this workshop considered an integrated luminosity
of 2 fb−1, corresponding to Run IIa for DØ and CDF and to the first year of running for
BTeV. Other workshops in this series, which focused on high pT physics, considered also the
potential for 10 fb−1 and 30 fb−1. In the case of B physics, the role of real data in optimizing
event selection makes it difficult to make sensible estimates for such high luminosity until
more experience is at hand.
The most important measurements at the Tevatron can be divided roughly into two
categories. Some modes have a relatively simple theoretical interpretation, in the context
of the Standard Model, either because hadronic uncertainties are under good control, or
because loops, small CKM angles, or GIM effects suppress the Standard Model rate. These
modes test the CKMmechanism and probe for non-CKM sources of CP and flavor violation.
Other measurements are more sensitive to QCD in ways that are theoretically challenging.
They do not (yet) probe flavor dynamics, but, clearly, better understanding of QCD in
B physics can be reinvested in understanding the flavor sector. We therefore present two
semi-prioritized lists labeled “tests of flavor and CP violation” and “test of QCD”, but both
labels should be construed loosely. Moreover, the composition of these lists is colored by
our understanding during the course of the workshop. In the coming decade theoretical and
experimental developments are likely to spur changes in the lists. Many other interesting
observables, not discussed in this summary, are covered throughout Chapters 6–9.
Tests of flavor and CP violation
• B0s −B0s mixing: Both CDF and DØ can measure xs <∼ 30 from events with a
semileptonic Bs decay. This covers some of the expected range xs <∼ 45. With
nonleptonic modes, CDF can measure xs <∼ 59–74, depending on assumptions, and
BTeV xs <∼ 75. As soon as a 5σ observation of mixing is made, the statistical error of
xs is very small, about ±0.14. In the Standard Model, xs/xd can be used to determine
|Vts/Vtd|, relying on input from lattice QCD for the size of SU(3) breaking.
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• CP asymmetries in Bs → ψφ, ψη(′): These measure the relative phase between the
amplitudes for B0s−B0s mixing and b→ cc¯s decay, βs. In the Standard Model sin 2βs
is a few percent, so observation of a large CP asymmetry would be a clear sign of new
physics. The expected error at CDF is about 1.6 times that of sin 2β, further diluted
by the CP -odd contribution to the ψφ final state. Although this CP -odd contribution
is expected to be small, it can be avoided by using the decay modes Bs → ψη(′), which
are pure CP -even. With its excellent photon detection, BTeV is well optimized to
measure the asymmetries in these neutral modes.
• CP asymmetries in Bs → D±s K∓: Combining the time dependent asymmetries in
these four modes allows the cleanest determination of γ − 2βs. These measurements
must be carried out in the presence of the large Cabibbo allowed Bs → Dsπ back-
ground. Combined with the measurement (or bound) on βs, one obtains γ, one of the
angles of the unitarity triangle. At the Tevatron, this measurement will probably be
possible only at BTeV, with an expected precision of σ(γ) ≃ 10◦.
• CP asymmetries in Bd → ρπ: These asymmetries seem to be the cleanest way to
measure α, the angle at the apex of the unitarity triangle. Once enough events
are available to isolate the ∆I = 3/2 channel, it is possible to measure α without
uncertainties from penguin amplitudes, which contribute only to ∆I = 1/2. With
its excellent electromagnetic calorimetry, BTeV should compete well with BaBar and
Belle, on a similar time scale.
• CP asymmetry in Bd → ψKS : These asymmetries measure the relative phase be-
tween the amplitudes for B0d−B0d mixing and b→ cc¯s decay. In the Standard Model,
this is the angle β of the unitarity triangle, and it is obtained with very small the-
oretical uncertainty. By the end of Run IIa, the CDF and DØ measurements may
become competitive with BaBar and Belle. Based on B → J/ψKS only, DØ and CDF
anticipate a precision on sin 2β in the range 0.04–0.05, with 2 fb−1.
• CP asymmetries in Bd,s → h+1 h−2 , hi = K, π: The utility of these modes depends
on how well the uncertainty from flavor SU(3) breaking can be controlled. Data for
these and other processes will tell us the range of such effects; the resulting Standard
Model constraints could be quite stringent. A study by CDF shows that 20% effects
from SU(3) breaking lead to an uncertainty of only ∼ 3◦ on γ, which is much smaller
than CDF’s expected statistical error with 2 fb−1 of ∼ 10◦.
• Rare semileptonic and radiative decays, such as B → K∗ℓ+ℓ− or B → K∗γ: Although
the rate for B → K∗γ is higher, the Tevatron detectors will probably not compete
with BaBar and Belle. In the case of B → K∗ℓ+ℓ−, the high rate of a hadron machine
is needed, and the lepton pair provides a good trigger. In B → K∗ℓ+ℓ− the forward-
backward asymmetry is especially intriguing, because it is sensitive to short distance
physics.
• Search for Bd,s → ℓ+ℓ−: These flavor-changing neutral current processes are highly
suppressed in the Standard Model. Limits on the rate constrain non-standard models,
which often have other ways to mediate such decays. Late in Run II or at BTeV, it
may be possible to observe a handful of events at the standard model rate.
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• CP asymmetries in flavor specific final states: These can be used to measure the
relative phase between the mass and width mixing amplitudes, analogous to Re (ǫK)
in the kaon sector. The most often cited example is semileptonic decays, but if this
asymmetry is sufficiently large, it may be possible to detect it using fully reconstructed
modes such as Bs → D−s π+. In the B system, the SM predicts the relative phase to
be very small, but new physics could make these asymmetries measurable without
pushing the measured value of sin 2β outside its expected range.
The most striking thing about this list is that the whole program, taken together, is
much more interesting than any single measurement. Indeed, if one adds in measurements
from the e+e− machines, the list becomes even more compelling. In the near future, BaBar,
Belle, CDF, and DØ will measure sin 2β at the few percent level; the Tevatron measurement
of xs combined with the known value of xd will determine |Vtd/Vts|; BaBar’s and Belle’s
measurements of semileptonic decays will determine |Vub/Vcb|. Apart from sin 2β, some
input from hadronic physics is needed, but the combination of these results will still test
the unitarity of the CKM matrix below the 10% level.
Tests of QCD
• Bs width difference ∆Γs: The theoretical prediction of ∆Γs requires hadronic matrix
elements of two four-quark operators, so it relies on lattice QCD calculations to a
greater extent than xs. It is still an interesting measurement, especially if it is smaller
than expected in the Standard Model.
• Λb lifetime: The measured value of the Λb lifetime does not agree with theoretical
expectations. It is important to improve the measurements with fully reconstructed
hadronic decays. If the discrepancy remains, it would presumably imply a failure
of the operator product expansion employed in inclusive decays and lifetimes, and
one would have to reconcile the failure here with success for other lifetimes and for
inclusive semileptonic decay distributions.
• Semileptonic form factors: The q2 dependence of the decay distribution for Λb → Λcℓν¯,
B → K(∗)ℓ+ℓ−, etc., can be combined with theoretical information, potentially re-
ducing the (theoretical) error on |Vcb|, |Vub|, and |Vts|.
• Quarkonium production and polarization: Run I data for charmonium production
disagrees at large pT with predictions from NRQCD. If the discrepancies persist, and
are confirmed through bottomonium production, they would pose an important riddle.
To make meaningful measurements, experiments must collect higher statistics, extend
to higher pT , cleanly separate states with different quantum numbers, and distinguish
feed-down from direct production.
• b b¯ production cross section: The cross section σ(pT > pminT ) measured in Run I data
is about twice the prediction from perturbative QCD. With all scales (mb,
√
sˆ, pT )
much larger than ΛQCD, perturbative QCD should be reliable. A variety of QCD
effects have been studied, but do not seem to account for the excess. If the excess is
confirmed (with much higher statistics) in Run II, one must ask whether something in
the theory has gone awry, or whether a non-standard mechanism produces b b¯ events.
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• Spectra of Bc and other doubly heavy hadrons: CDF’s Bc mass and lifetime mea-
surements from Run I will be improved. Fully reconstructed nonleptonic decays are
needed to obtain a good measurement of the mass, which can be compared to calcu-
lations based on potential models or from lattice QCD. Because there are now two
heavy quarks, the lifetimes and decay widths of Bc and other doubly heavy hadrons
provide novel tests of the theory.
Each of these is interesting for its interaction with QCD theory, and, at least for the
next several years, each can be studied only at the Tevatron.
In conclusion, one sees that B physics at the Tevatron will produce a program of many
interesting and, in some cases, essential measurements. In the case of B decay measure-
ments, the information gained is competitive with and complementary to that gained from
experiments in e+e− accelerators at the Υ(4S). Indeed, the full suite of measurements from
Bu, Bd, and Bs decays is much more interesting than any one or two measurements taken
in isolation.
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CDF, 472
production, 454
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CP asymmetry
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SM prediction, 372
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CP transformation
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CP violation
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Standard Model, 16, 137
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T violation, 17
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CPT theorem, 17
CPT transformation, 17
CPT violation
string theory, 17
CPT violation, 19
cross-sections
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table of, 70
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mass difference ∆mD, 377
new physics, 382
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ψ trigger, 430
sin 2β prospects, 160, 162
Bc, 488
flavor tagging, 164
DØ calorimetry, 113
DØ central fiber tracker, 111
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DØ muon trigger
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notation, 114
trigger rates, 115
Level 2 and 3
description, 116
DØ Silicon Tracker Trigger, 116
efficiency, 118
impact parameter resolution, 116
prompt ψ separation, 118
DØ silicon vertex detector, 111
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dilepton mass spectrum
QQ¯ production, 277
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production, 500
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effective Hamiltonian, 242
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event
cartoon of a typical, 72
FCNC transitions, 241
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